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Abstract

The San Andreas and San Gregorio Fault zones are major
strike-slip-fault systems that form part of the active plate

boundary between the Pacific and North American Plates. The

San Gregorio Fault is offshore for most of its length, whereas

the San Andreas Fault extends offshore near Daly City south

of San Francisco. On the basis of magnetic and seismicity
data, motion on the San Andreas Fault has been interpreted to

step over to another fault, the Golden Gate Fault, that lies 3

km to the east of the San Andreas Fault and also goes offshore

near San Francisco. All three faults merge and come onshore
again at Bolinas Lagoon. Although the overall trend of these
faults is clear, the details of what has occurred offshore on
these faults is not. Therefore, we acquired about 550 km of
high-resolution seismic-reflection data in the Gulf of the

Farallones to image these faults between Point Montara and

Bolinas Lagoon. Seismic lines were acquired on about a 2-km

line spacing, and the seismic-reflection data imaged approxi-

mately the uppermost 1.5 km of the sedimentary sequence in
the offshore sedimentary basins.

Our interpretation of the seismic-reflection data identifies
the following major features.

1. The Golden Gate, San Andreas, and San Gregorio Faults
all have recognizable continuations across the Gulf of
the Farallones. The Potato Patch Fault branches eastward
off the San Gregorio Fault and continues northward as
another fault with significant, but unknown, offset, possibly
merging with the San Andreas Fault south of Bolinas. The
San Gregorio structural zone, an area of major thrust-fault
deformation west of the San Gregorio Fault, also continues
across the Gulf of the Farallones and widens from about 2
to more than 8 km from south to north. All of these features
are undergoing modern uplift onto the Point Reyes penin-
sula.

2. The San Gregorio Fault separates two major offshore
sedimentary basins: the San Gregorio Basin, which lies
between the Golden Gate/San Andreas Faults and the San
Gregorio Fault; and the Bodega Basin, which lies west of
the San Gregorio Fault. Maximum sedimentary thickness
in the San Gregorio Basin is poorly defined but probably
approaches 2 km overlying Franciscan and Salinian base-
ment rocks. The age of the basin fill is unknown but could
be similar to that of strata in the onshore Merced Forma-
tion, which are younger than about 1.8 Ma. We cannot
directly correlate strata in the San Gregorio Basin with the
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Merced Formation because a structural discontinuity may
separate the two sequences. In the Bodega Basin, more
than 800 m of Late Miocene and younger (less than approx
6 Ma) strata overlies the Monterey Formation and older
rocks.

. Although strike-slip motion on the San Andreas Fault

appears to step northeastward to the Golden Gate Fault in
the area from Daly City to the Golden Gate, the offshore
continuation of the San Andreas Fault has served as a locus
for subsidence. The fault generally underlies the depocenter
of the San Gregorio Basin. The Potato Patch Fault, which
lies between the San Andreas and San Gregorio Faults,
forms the edge of a structural high in the basin. Both the
San Andreas and Potato Patch Faults are at least partly
normal faults along which basement rocks have undergone
differential subsidence during basin formation. The faults
could have a strike-slip component, but we cannot deter-
mine how much from the seismic-reflection data. In the
northern parts of the basin, strata appear to cross the faults
with virtually no disruption.

. The San Gregorio Fault has a long transform history. North

of Pacifica, however, the fault has converted to a normal
fault along which the San Gregorio Basin has subsided.
The transform motion on the San Gregorio Fault appears to
step over to the Golden Gate Fault through the San Grego-
rio Basin.

. The underlying mechanism creating the San Gregorio

Basin seems to be the combined stepover of motion on the
San Andreas and San Gregorio Faults onto the Golden Gate
Fault, leading to the creation of a transtensional strike-slip
stepover basin—the San Gregorio Basin. A simple model
with this assumption places the region of maximum subsid-
ence of a stepover basin beneath the deepest part of the

San Gregorio Basin. Although the stepover model may be
adequate to explain the overall formation of the basin, the
details of how motion is transferred are unclear. Deforma-
tion on the basin faults north of Lake Merced seems to be
mainly normal faulting. The Potato Patch Fault, however,
probably has a component of strike-slip motion and serves
as a transfer fault for motion from the San Gregorio Fault
to the Golden Gate Fault.

. Finally, the San Andreas Fault broke on the Point Reyes

peninsula and at Bolinas Lagoon during the great 1906 San
Francisco earthquake, yet the observed offshore structure
indicates that this fault was not an active transform fault
during much of the formation of the San Gregorio Basin.
The offshore section of the fault could now be in a tran-
sitional stage intermediate between a transtensional right
stepover and a more throughgoing transform fault.

Introduction

A series of major strike-slip faults transect central Cali-

fornia and form part of the active plate boundary between the
Pacific and North American Plates (fig. 1). The best known

of

these faults is the San Andreas Fault, which crosses the

San Francisco peninsula and extends offshore south of San
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Francisco. The less well known San Gregorio Fault lies
west of the San Andreas Fault, mostly offshore; in the Gulf
of the Farallones region, the fault zone lies onshore only on
the headland north of Half Moon Bay (fig. 1). A third fault,
the Pilarcitos Fault, which could have accommodated most
San Andreas Fault system displacement sometime before
about 3 Ma, lies between the San Andreas and San Gregorio
Faults and trends offshore just north of Point San Pedro. All
these faults, except the Pilarcitos Fault, cross the Gulf of
the Farallones and come onshore at Bolinas Lagoon on the
Point Reyes peninsula. These faults also separate the Conti-
nental Shelf into two basic structural domains—the Bodega
Basin, which lies west of the fault, and the San Gregorio
Basin (named herein), which lies to the east (Cooper, 1973;
McCulloch, 1987, 1989).

To delineate the near-surface structure and fault history
of the Gulf of the Farallones, we conducted a high-resolution
seismic-reflection survey in the region in June 1995 (figs.
1-3). High-resolution aeromagnetic data (Jachens and Zoback,
1999; see Jachens and others, this volume) provide additional
information on fault locations at depths greater than observ-
able in the seismic-reflection data (fig. 4). With this data base,
we use the seismic-reflection data to (1) map the offshore
traces of the San Andreas and San Gregorio Fault systems and
associated structures;(2) compare the mapped fault locations
with other data sets, including aeromagnetic data; and (3)
develop a better understanding of the fault history and kine-
matics of the San Andreas/San Gregorio Fault systems.

Previous Work in the Gulf of the
Farallones

Previous seismic-reflection studies in the Gulf of the
Farallones region were published by Cooper (1973) and
McCulloch (1987, 1989). Cooper delineated the general struc-
ture of the Continental Shelf west of San Francisco. He
defined the Farallon platform as lying beneath the Gulf of the
Farallones west of the San Gregorio Fault (fig. 1), where as
much as 3.5 km of sedimentary rocks overlies granitic base-
ment rocks. The Golden Gate platform lies east of the fault,
with more than 1 km of strata overlying basement. Cooper
also outlined a structural graben between the San Gregorio
Fault and the San Andreas Fault (figs. 1, 3). His seismic-
reflection data penetrated to as much as 1.8-s two-way trav-
eltime (approx 1.7-2 km deep) in areas adjacent to Point
Reyes, but much less than that to the south. He traced the San
Andreas, Pilarcitos, and San Gregorio Faults (his Seal Cove
Fault; see Glenn, 1959) across the Gulf of the Farallones to
Bolinas Lagoon.

McCulloch (1987, 1989) described the Cenozoic geo-
logic history of the California continental margin. Using all
available single-channel and multichannel seismic-reflection
data, as well as gravity and aeromagnetic data, he outlined
the major structural elements off central California and
determined offset in basement rocks. McCulloch (1987,
1989) had more seismic-reflection data that crossed the San
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Gregorio and San Andreas Fault zones than Cooper (1973)
had. Thus, McCulloch’s (1987, 1989) locations of the faults
differ somewhat from Cooper’s; whereas Cooper took the
Seal Cove strand of the San Gregorio Fault as the major
strand, McCulloch (1987, 1989) interpreted a wide fault
zone, with the Seal Cove Fault forming the east boundary.

123°00'

McCulloch (1987, 1989) was able to map part of the Golden
Gate Fault offshore. He also used aeromagnetic data to delin-
eate faults, most of which show up in much more detail in
recently acquired aeromagnetic data (Jachens and Zoback,
1999; Zoback and others, 1999; see Jachens and others, this
volume). The details of fault interactions remained unclear,
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however, because of an absence of high-quality deep- to
medium-penetration seismic-reflection data east of the San
Gregorio Fault.

A fold-and-thrust belt lies west of the San Gregorio
Fault (fig. 3). Cooper (1973) termed this belt the “Eastern
Marginal High,” but McCulloch (1987, 1989) incorporated
it into the San Gregorio Fault zone. We follow McCulloch’s
(1987, 1989) suggestion because our interpretations indicate
that the belt is tectonically linked to the San Gregorio Fault.
Thus, we refer to it as the “San Gregorio structural zone” and
discuss it along with the San Gregorio Fault system below.

Jachens and Zoback (1999), Zoback and others (1999),
and Jachens and others (this volume) interpret high-resolu-
tion aeromagnetic data over the Gulf of the Farallones to
show faulting in the magnetic basement rocks (fig. 4; see
Jachens and others, this volume). They show that a long,
linear magnetic anomaly associated with the Seal Cove Fault
(onshore) and San Gregorio Fault (offshore) trends northwest
to a position slightly southwest of the Golden Gate, where
the fault is interpreted to end (fig. 4). Northward, basement
fault offset is then on an east-stepping separate arcuate fault,
partly corresponding to our Potato Patch Fault, that trends
back onshore at Bolinas Lagoon. Aeromagnetic data indicate
that the Pilarcitos Fault trends offshore for about 8 km before
either merging with or being truncated by the San Gregorio
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Figure 5.—Curve for converting two-way seismic-reflection time (in
seconds) to approximate depth (in meters) in high-resolution seismic-
reflection data presented here.

Fault. The Peninsular segment of the San Andreas Fault
continues offshore for about 6 km, where it is interpreted
to stepover to the Golden Gate Fault, which is outlined by
a conspicuous magnetic lineament that trends northwest
from Lake Merced (fig. 4). These data show a continuity
of the faults and fault zones present within offset magnetic
basement units, but not the structure or stratigraphy in the
uppermost 1 to 2 km of sedimentary strata associated with
the faults.

Using the earlier work by Cooper (1973) and McCulloch
(1987, 1989), the aeromagnetic interpretation, and local
earthquake seismicity, Zoback and others (1999) interpreted
a change from compressional to extensional deformation
on the Peninsular segment of the San Andreas Fault. Source
studies of small seismic events beneath the Gulf of the Faral-
lones showed normal faulting, associated with extensional
deformation, instead of the compressional events that might
be associated with strike-slip or thrust faults. Jachens and
Zoback (1999), Zoback and others (1999), and Jachens and
others (this volume) then proposed a 3-km northeastward
jump of fault motion from the San Andreas Fault to the
Golden Gate Fault (a right step), and Zoback and others
(1999) suggested that this right stepover created the exten-
sional tectonic regime. The stepover leads to the formation
of an extensional strike-slip basin containing thick deposits
of the Pliocene and Pleistocene Merced Formation, a sugges-
tion made earlier by Hengesh and Wakabayashi (1995) on
the basis of their reconstruction of offset on the San Andreas
Fault system and the geologic history of the Merced Forma-
tion.

Data Acquisition and Processing

In June 1995, we collected about 550 km of high-resolu-
tion seismic-reflection data across the submerged sections
of the San Gregorio and San Andreas Fault systems in the
Gulf of the Farallones between Point Montara and Bolinas
Lagoon (figs. 1-3; Bruns and others, 1995, 1996). The data
were acquired along an approximately 2-km north-south
line spacing from nearshore to about 16 km offshore and
west of the San Gregorio Fault, into the Bodega Basin (figs.
1-3). Tielines between the east-west lines were acquired in
the Bodega Basin, nearshore, and elsewhere as opportunity
allowed during field acquisition. This seismic survey was
designed to systematically examine the fault systems with
adequate spatial resolution to correlate fault traces across the
offshore area. The seismic-reflection data show sedimentary
bedding and structure to about 1.5-km depth; the small acous-
tic power of the seismic source seldom penetrated farther.

We collected the data with a 24-channel recording
system, a 150-m-long streamer, and two 0.65-L (40 in®)
airguns fired at 12.5-m intervals. The data were digitally
recorded, and navigated with a Global Positioning System
navigation program called YoNav, developed by the U.S.
Geological Survey (Gann, 1992). We processed the digital
airgun data through a standard set of programs on a DISCO
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processing system including velocity correction of common-

depth-point gathers, deconvolution, stacking, muting, auto-

matic gain control, filtering at 50 to 160 Hz, and migration.
In a few areas, single-channel high-resolution seismic-

reflection profiles were acquired with a Geopulse system,

a frequency range of 2,000 to 4,000 Hz, and penetration

of a few tens of meters. Owing to weather conditions, we

were unable to acquire these data over all the multichannel

tracks. Two of these high-resolution tracklines are shown in

figure 2.

Time-Depth Conversion

Seismic data are plotted in two-way traveltime, and seis-
mic horizons must be converted to depth to interpret the geol-
ogy. We do not have good velocity information for the section
imaged in the high-resolution seismic-reflection data. Stack-
ing velocities from the multichannel high-resolution data
indicated that a good approximation to the velocity structure
was obtained by increasing interval velocities from 1,500 to
2,400 m/s between 0.0- to 1.0-s two-way traveltime; we then
assumed that interval velocities would be about 3,500 m/s by
2.0-s two-way traveltime. We used these interval velocities
to construct a curve for converting time information on the
seismic sections into depths (fig. 5). A substantially lower
velocity model (that is, interval velocities of 2,000 m/s at 1.0-
s two-way traveltime and 3,000 m/s at 2.0-s two-way travel-
time) would result in an approximately 10-percent decrease in
calculated depths.

About a quarter of the acquired seismic lines are shown
here with interpretations. All of the lines are available in unin-
terpreted digital formats on a CD-ROM (Childs and others,
2000).

Regional Geologic Setting and Fault-
Motion History

Terranes and Faults

The San Gregorio and San Andreas Fault systems divide
the Continental Shelf into three tectonostratigraphic ter-
ranes—the Salinia terrane, the Pilarcitos block, and the Fran-
ciscan Complex, composed of several Franciscan terranes
(see McCulloch, 1987, 1989).

The Salinia terrane lies west of the San Andreas and San
Gregorio Faults throughout most of central California, and
west of the Pilarcitos Fault on the San Francisco peninsula.
Substantial separation has occurred within the terrane along
the San Gregorio Fault (McCulloch, 1987, 1989). The base-
ment of the Salinia terrane is composed of Mesozoic and older
metamorphic rocks intruded by Cretaceous granitic plutons.
Overlying the crystalline basement is a sequence of sedimen-
tary rocks that range in age from Paleocene to Holocene. These
sedimentary rocks underlie the Bodega Basin between the San
Gregorio Fault and the Farallon Ridge structural high near the

edge of the Continental Shelf (McCulloch, 1987, 1989).

The Franciscan terrane, which is composed of late Meso-
zoic to Tertiary rocks, underlies the onshore area immediately
east of the Pilarcitos and San Andreas Faults. The Francis-
can rocks in this area consist predominantly of melange that
includes graywacke, serpentinite, chert, and blocks of blue-
schist in a penetratively sheared argillite matrix (for example,
Ross, 1978; Brabb and Pampeyan, 1983; Blake, 1984; Brabb
and others, 1998; Page, 1992; McCulloch, 1987, 1989). The
basement units offshore are overlain by a substantial thick-
ness of sedimentary rocks of the San Gregorio Basin, and
onshore by the Merced Formation.

Throughout most of central California, the San Andreas
Fault separates the Salinia terrane on the west from the Fran-
ciscan terrane. On the San Francisco peninsula, however,
the Pilarcitos Fault separates these two terranes, and the San
Andreas Fault lies entirely within the Franciscan terrane
(Brabb and Pampeyan, 1983). Both the Pilarcitos and San
Andreas Faults are steeply to vertically dipping features that
extend to an upper-crustal depth of at least 10 km (Parsons and
Zoback, 1997). The Pilarcitos block, which lies between the
active San Andreas and San Gregorio Faults, consists of base-
ment rocks of the Salinia and Franciscan terranes, now amal-
gamated together along the Pilarcitos Fault. McLaughlin and
others (1996) and Parsons and Zoback (1997) concluded that
the Pilarcitos Fault took up motion on the San Andreas Fault
system before the Quaternary and probably before about 3 Ma.

The terms “San Andreas Fault system” and “San Grego-
rio Fault system” describe multiple faults on which motion
has occurred. The Continental Shelf off San Francisco is cut
by at least seven subsidiary faults that are segments of these
fault systems (fig. 3). All of these subsidiary faults except the
Pilarcitos Fault affect the basin fill in either the Bodega or
San Gregorio Basin.

1. The Golden Gate strand of the San Andreas Fault trends
offshore from Lake Merced in the northern part of the San
Francisco peninsula (figs. 1, 3). Herein, we refer to this
fault as the “Golden Gate Fault.”

2. The Peninsular segment of the San Andreas Fault extends
offshore at Mussel Rock in Daly City (figs. 1, 3). Herein,
this segment is routinely referred to both onshore and off-
shore as the “San Andreas Fault.”

3. The Pilarcitos Fault, which lies between the San Andreas
and San Gregorio Faults, is a now-inactive fault that sepa-
rates basement terranes with markedly different rock types
(figs. 1, 3).

4. The herein-named San Pedro Fault trends north from near
where the Pilarcitos Fault goes offshore, but does not
follow the magnetically determined offshore trace of the
Pilarcitos Fault (figs. 3, 4). Instead, the San Pedro Fault
cuts across the magnetic trends and lies between the San
Andreas and Potato Patch Faults. This fault’s affiliation,
if any, with either the San Gregorio or San Andreas Fault
system is unclear.

5. The Potato Patch Fault (after McCulloch, 1987, 1989)
lies between the offshore San Andreas Fault and the San
Gregorio Fault. We interpret this fault to originate at depth
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from the San Gregorio Fault system at its south end; at its
north end, it may merge with the San Andreas Fault south
of Bolinas (figs. 1, 3).

6. The San Gregorio Fault system lies offshore as a major
structural boundary between Half Moon Bay and Bolinas
(figs. 1, 3), and extends onshore into the Seal Cove Fault
near Half Moon Bay (R.C. Jachens, written commun.,
2001).

7. The San Gregorio structural zone comprises the series of
thrust faults lying west of the San Gregorio Fault (fig. 3).
These faults probably merge with the San Gregorio Fault at
depth.

San Andreas Fault System: The San Andreas,
Golden Gate, and Pilarcitos Faults

The San Andreas Fault extends from the Gulf of Califor-
nia to northern California as a major strike-slip fault. About
100 km southwest of the San Francisco peninsula, the nearly
linear Central California segment of the fault bifurcates, with
the western strand forming the Peninsular segment of the
San Andreas Fault along the San Francisco peninsula and the
eastern strand forming the Hayward-Calaveras Fault system
east of San Francisco Bay. Together, these two strands
currently account for about 32 mm/yr of plate motion, or
approximately 85 percent of the total plate motion west of
the Sierra Nevada (Working Group on Northern California
Earthquake Probabilities, 1999). The Peninsular segment of
the San Andreas Fault trends offshore near Daly City south
of San Francisco (fig. 3). The offshore trend was mapped by
Cooper (1973) and McCulloch (1987, 1989), though not with
certainty because of the sparse data base.

The Golden Gate Fault trends offshore from Lake
Merced (figs. 3, 4). The fault, which was partly mapped by
McCulloch (1987, 1989), is better shown by the aeromag-
netic data of Jachens and Zoback (1999) and Jachens and
others (this volume). Jachens and Zoback (1999), Zoback
and others (1999), and Jachens and others (this volume) use
fault geometry, seismicity patterns, aeromagnetic data, and
seismic-reflection studies to infer an approximately 3-km
right step from the Peninsular segment of the San Andreas
Fault onto the Golden Gate Fault. Zoback and others (1999)
interpreted that this right step has led to the formation of an
extensional strike-slip pullapart basin which is represented
onshore by the now-uplifted Merced Formation (see next
section; Clifton and Hunter, 1987, 1991).

The Pilarcitos Fault lies between the San Andreas and
San Gregorio Faults, is present onshore north of Half Moon
Bay, and trends offshore near Point San Pedro (figs. 3, 4).
Jachens and others (1999 and this volume) use aeromagnetic
data to outline the fault for 7 to 8 km offshore to where the
fault bends northward to lie near, merge with, or be truncated
by the San Gregorio Fault (fig. 4). The onshore Pilarcitos
Fault has been inactive during the Holocene (Bortugno and
others, 1992) and is currently aseismic (Zoback and others,
1999). The fault has been interpreted as an abandoned strike-
slip section of the Pacific-North American Plate boundary.

It probably accommodated most displacement on the San
Andreas Fault system before the Quaternary (McLaughlin
and others, 1996; Parsons and Zoback, 1997). Parsons and
Zoback (1997) argued that it became inactive by about 3 Ma.
Estimates of offset along the Pilarcitos Fault based on offset
rock units or geophysical anomalies range from 120 to more
than 250 km before abandonment (Griscom and Jachens,
1990; Page, 1990, 1992; McLaughlin and others, 1996; Par-
sons and Zoback, 1997). Alternatively, Wakabayashi (1999)
postulated that offset must have been less than 7 km, on the
basis of local geologic interpretations. The time of cessa-
tion of motion on the fault is poorly constrained, and is tied
mainly to the beginning of deposition of the Merced Forma-
tion during the Pliocene and early Pleistocene.

The current slip rate on the San Andreas Fault in the
Golden Gate/San Francisco peninsula area is estimated at 17
to 24 mm/yr (Working Group on Northern California Earth-
quake Probabilities, 1999). The slip rate increases north of
Bolinas because of added slip from the merging San Grego-
rio Fault system (Niemi and Hall, 1992; Noller and others,
1993). On the basis of the offset of geologic basement units
and associated magnetic anomalies, Jachens and others (1999
and this volume) argue that the total offset on the Peninsular
segment of the San Andreas Fault is tightly constrained to
about 22 km. However, Wakabayashi (1999) believed that
offset could be as much as 36 km. Thus, at present estimated
slip rates of 17 to 24 mm/yr, the current trace of the fault
has been active for about the past 1 to 2 m.y. This is an age
similar to the initiation of deposition of the basal Merced
Formation at about 1.6—1.2 Ma, although the timing is poorly
constrained (Clifton and Hunter, 1987, 1991; Hengesh and
Wakabayashi, 1995). The similar ages suggest a possible link
between the onset of basin growth and the initiation of fault-
ing on the Peninsular segment of the San Andreas Fault.

San Gregorio Fault System

The San Gregorio Fault zone is part of a system of
strike-slip faults that includes the Hosgri and Sur Faults,
which extend from Point Arguello north of Santa Barbara
to Monterey Bay, and the San Gregorio Fault zone, which
extends from Monterey Bay to Bolinas (McCulloch, 1987,
1989). The San Gregorio Fault system lies mostly offshore,
with the easternmost faults extending onshore only between
Point Aflo Nuevo (south of study area) and San Gregorio
State Beach (fig. 1) and between Pillar Point and Point Mon-
tara, where it is also referred to as the “Seal Cove Fault”
(figs. 1-3).

The San Gregorio Fault may have become active by
about the middle Miocene, and has accumulated at least 150
km of offset since then (Clark and others, 1984; Simpson and
others, 1997; Jachens and others, 1999). Onshore trenching
studies have shown a slip rate of about 6 to 8 mm/yr on the
Seal Cove Fault (Simpson and others, 1997; Lettis, 1999),
and regional geologic correlations give a similar slip rate of
about 6 mm/yr (Clark, 1999; Sedlock, 1999; Weber and others,
1999). Hengesh and Wakabayashi (1995) and Wakabayashi
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and Hengesh (1995) estimated slip rates of 5 mm/yr averaged
over the past 2 m.y. Clark (1998, 1999) discussed geologic
correlations indicating that about 50 to 60 km of the total dis-
placement occurred from 10 to 8 Ma, 81 km from 8 to 3 Ma,
and 19 km from 3 to 0 Ma. This last offset gives an average
slip rate of 6 mm/yr for the past 3 m.y.
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Figure 6.—Coastal area south of San Francisco (fig. 1), showing
geologic features of the Merced Formation in seacliff exposures. From
Clifton and Hunter (1987, 1991).

Stratigraphy

West of the San Gregorio Fault: The Monterey
Formation and Other Units (Late Miocene and
Older)

Basement rocks west of the San Gregorio Fault in the
study area (fig. 1) are composed of granitic rocks of the
Salinia terrane (McCulloch, 1987). Overlying basement is a
transgressive succession of sedimentary rocks composed of
conglomerate and sandstone of the Paleocene Point Reyes
Conglomerate, overlain by the Miocene Laird Sandstone
and the deep-water siliceous Miocene Monterey Formation
(McCulloch, 1987; Clark and others, 1991; Clark and Brabb,
1997). The rocks were uplifted, deformed, and erosionally
truncated early in the Late Miocene. The resulting erosional
unconformity, which truncated folded strata of the Monterey
Formation on the Point Reyes peninsula (Clark and others,
1991; Clark and Brabb, 1997), is identified in the offshore
as a gently eastward sloping erosional surface in the Bodega
Basin that is truncated at the San Gregorio Fault (see next
section).

West of the San Gregorio Fault: The Santa
Margarita Sandstone, Santa Cruz Mudstone,
and Purisima Formation (Late Miocene and
Pliocene)

The Miocene Santa Margarita Sandstone and Santa Cruz
Mudstone and the Miocene and Pliocene Purisima Forma-
tion are extensively exposed in the Santa Cruz Mountains,
and these formation names have been applied to correlative
units on the Point Reyes peninsula (Clark and others, 1984;
Clark and Brabb, 1997). The units lie entirely east of the San
Gregorio Fault in the Santa Cruz Mountains, and west of the
fault at Point Reyes. Offshore units in the Bodega Basin west
of the San Gregorio Fault, which have been sampled in bore-
holes (Hoskins and Griffiths, 1971; McCulloch, 1987), are
correlated with the strata on the Point Reyes peninsula and
into the offshore area surveyed by seismic-reflection data.

Development of the Late Miocene unconformity at the
top of the Monterey Formation was followed by subsid-
ence and deposition of as much as 3 km of Late Miocene
and Pliocene marine claystone and siltstone. The strata thin
westward across the basin and, locally, adjacent to the San
Gregorio Fault, where thinning and onlap in the San Gre-
gorio structural zone reveal a deformation history along the
fault. The late Miocene Santa Margarita Sandstone on the
Point Reyes peninsula is a thin (max 50 m thick) glauconitic
sandstone overlying the Monterey Formation with angular
unconformity. The thick overlying Santa Cruz Mudstone
is sandy and glauconitic where it conformably overlies the
Santa Margarita Sandstone, and grades upward into mud-
stone. The Santa Cruz Mudstone is as much as 2,000 m thick
in the Bolinas area and thins northward to pinch out north
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of Drakes Bay. The Purisima Formation, which is the upper-
most shallow-marine phase of basin filling, is as much as 490
m thick onshore (Clark and others, 1991; Clark and Brabb,
1997). Offshore, McCulloch (1987, 1989) interpreted the
local upper Miocene and younger section to be more than 2
km thick near the Point Reyes peninsula. The upper Miocene
and younger section ranges from 800 to 1,100 m in thickness
(north-to-south maximum thickness) on McCulloch’s (1987)
interpreted seismic lines in the Golden Gate area.
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Figure 8.—Unit designations for the Merced and Colma Formations,
and comments on significant features within formations (from Clifton
and Hunter, 1987, 1991). A possible correlation to seismic-reflection
records in the San Gregorio Basin is also shown but is uncertain.
Conversion of seismic-reflection time to depth is from figure 5.

East of the San Gregorio Fault: The Merced and
Colma Formations (Pliocene and Pleistocene)

The Merced Formation is a poorly dated Pliocene(?) and
Pleistocene sequence of marine to eolian gravel, sandstone,
and siltstone. The Merced Formation is overlain by a thin
(Iess than 10 m thick), sandy nonmarine unit, the Pleistocene
Colma Formation, which is probably about 75 to 135 ka old
(fig. 6; Hall, 1966; Clifton and Hunter, 1987, 1991). The
Merced Formation crops out in two localities. The type sec-
tion on the northern San Francisco peninsula lies east of the
San Andreas Fault and is exposed in seacliffs extending from
Mussel Rock 6 km northward to near Lake Merced (figs. 6,
7; Hall, 1966; Clifton and Hunter, 1987, 1991). The section
is as much as 1,750 m thick and less than 2.5 km wide. These
strata extend southward along the San Andreas Fault for about
19 km. A thinner, narrower section is exposed west of the San
Andreas Fault at Bolinas, where it is as much as 100 to 150 m
thick and 2 km wide, lies at elevations of as much as 130 m,
and extends northward from the lagoon for about 15 km (Gal-
loway, 1977; Clark and Brabb, 1997). The type section was
described in considerable detail by Clifton and Hunter (1987,
1991), whose description forms the basis for the following
discussion. The stratigraphic section at Bolinas has not been
studied in similar detail.

On the San Francisco peninsula, the Merced Formation
consists of sedimentary sequences that require a shallow-
ing open-ocean, wave-dominated depositional environment.
Complete sequences begin with a marine-shelf siltstone and
progress upward from shelf sand through nearshore, fore-
shore, shore, and backshore units and, in some sequences,
through eolian, fluvial, and marsh units. Shelf facies pre-
dominate in the lower 1,300 m of the sequence, and nonma-
rine facies in the upper 300 m. The change corresponds to a
conspicuous mineralogic change (see below) that occurs at
290 m below the top of the section. These sequences indicate
alternating transgressions and regressions of the sea, reflect-
ing a combination of eustatic changes in sea level, fluctua-
tions in sediment supply, and continuing tectonic subsidence.
The cycles appear generally similar in scale and duration to
known Pleistocene glacioeustatic sea-level fluctuations (Clif-
ton and others, 1988).

Merced strata lie in a homoclinal succession with a
northeasterly strike (figs. 6, 7). Dips commonly exceed 50°
in the lower third of the unit. In the upper two-thirds of the
unit, dips are less than 20° except near Lake Merced, where
the range is 40°-50° across a short stratigraphic interval. The
stratigraphic succession is broken only by small faults across
which strata can be readily correlated. The great thickness
of very shallow marine deposits indicates rapid subsidence
during deposition. These strata have been subsequently
uplifted, tilted, and truncated into their present outcrop posi-
tion at elevations of as much as 200 m. The most recent
deformation occurred after deposition of the Colma Forma-
tion, which rests with angular unconformity on deformed
strata of the Merced Formation and is, in turn, gently tilted
northward in seacliff exposures.
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The Merced Formation has been assigned a late Pliocene from local sources dominated by the Franciscan Complex to

and Pleistocene age (Clifton and Hunter, 1987, 1991; Lajoie, sources dominated by rocks of the Sacramento-San Joaquin
1996; Clark and Brabb, 1997), but age data for the units are River drainage basin (Hall, 1966; Clifton and Hunter, 1991).
meager. A mineralogic change 290 m below the top of the The Rockland ash bed at 175 m from the top of the section
section reflects a change in provenance at about 0.62 Ma (fig. 7) has been dated at 400 ka (Sarna-Wojcicki and others,
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Figure 15.—Seismic line 103 west of Pacifica/Daly City, Calif. (figs. 2, 3, 9-12). Fault just east of the San Gregorio Faultis mapped here as beginning
of the Potato Patch Fault. Small offset associated with the Point San Pedro Fault is also visible at east end of line. Strata overlying basement in
the San Gregorio Basin here are about 400 to 500 m thick (approx 0.4-0.5-s two-way traveltime; see fig. 5). West of the San Gregorio Fault, horizon
B appears for first time, and unit between horizons A and B thickens northward. Thickening of strata into the San Gregorio structural zone to
horizon D is apparent; above that horizon, units thin into structural zone, indicating that uplift in structural zone started after horizon D time. Same
seismic-horizon annotations as in figures 13 and 14.
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Figure 16.—Seismic line 110 (figs. 2, 3, 9-12), off Lake Merced. The San Gregorio structural zone has widened to 3
km and is covered by about 200 m of relatively flat lying sediment. Strata in the San Gregorio Basin have thickened
significantly relative to strata on seismic line 103 to south. Anticline has developed west of the San Pedro Fault.
Horizon M2 here marks initiation of growth on anticline; strata below horizon M2 thicken seaward, whereas strata
above horizon thin onto growing structure.
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1985), although more recent dating suggests an earlier age Seismic Stratlgraphy
of 600 to 610 ka (Lanphere and others, 1999), indicating that

further study is needed. We divide the offshore seismic stratigraphy into two fun-
We assume that the Merced and Colma Formations are at damentally different sequences at the San Gregorio Fault, on
least partly correlative with sedimentary strata in the offshore the basis of our interpreted correlations with onshore strata.
San Gregorio Basin. However, we lack seismic-reflection data West of the San Gregorio Fault (figs. 1, 3), we correlate the
that directly tie the Merced Formation to the offshore strata, offshore sedimentary section with units that crop out on the
and the age and timing of deposition could differ substan- Point Reyes peninsula. Between the San Gregorio Fault and
tially, as discussed below. the San Andreas/Golden Gate Faults (figs. 1, 3), the seismic
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Figure 17.—Seismic line 107 just southwest of the Golden Gate (figs. 2, 3, 9-12). The San Gregorio structural zone has widened to more than 4 km,
and strata between horizons A and B in the Bodega Basin have thickened substantially relative to same features on lines to south. Similarly, strata
in the San Gregorio Basin have significantly thickened relative to strata visible on seismic line 103. Horizon M1 is almost certainly not at base of
sedimentary section in the San Gregorio Basin; section probably approaches 2 km thickness for basin fill estimated from seismic-refraction data
(or greater than 1.5-s two-way traveltime on a seismic line; see fig. 5). Same seismic-horizon annotations as in figures 13 and 14.

San Potato San Golden
. San Gregorio structural zone Gregorio Patch Andreas Gate
Line 124 Fault Fault Fault Fault
San
Gregorio

=

<
9
]
=

T Bodega

Basin

—154/1245
—154/1240
—154/1230
—154/1220
—154/1210
—154/1200
—154/1150
—154/1140
154/1130
154/1110
—154/1100
—154/1050
i —154/1040

Holocene

S R
graben

0.0

15411036 M

o
N}

o
~

o
o

TWO-WAY TRAVELTIME, IN SECONDS
o
o

Figure 18.—Seismic line 124 west of the Golden Gate (figs. 2, 3, 9-12). The San Gregorio structural zone has widened to more than 6 km, and a
marked unconformity is apparent over top of structures at about 0.2- to 0.3-s two-way traveltime. Especially obvious is truncated syncline below
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creating the San Gregorio Basin. Faults would thus not be throughgoing major transform faults. Instead, most or all transform motion has probably
transferred over to the Golden Gate Fault. Same seismic-horizon annotations as in figures 13 and 14.
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sequence is probably composed of units that are at least Seismic Stratigraphy West of the San Gregorio

partly, if not entirely, equivalent to the onshore Merced and Fault—the Bodega Basin
Colma Formations (fig. 8). We have mapped horizons in the
seismic-reflection data to show the stratigraphy and structure In the seismic-reflection data west of the San Gregorio
of the basins (figs. 9-12), and we show these horizons on the Fault, we map an unconformity, here designated horizon
interpreted seismic data (figs. 13-25). A (figs. 13-25). Rocks below horizon A have been at least
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Figure 19.—Seismic line 123 northwest of the Golden Gate (figs. 2, 3,9-12). The San Gregorio structural zone is now almost 8 km wide and is buried
beneath from 0.3- to 0.4-s two-way traveltime of relatively undeformed strata. A Holocene graben is apparent at east end of line between the Potato
Patch/San Andreas Faults and the Golden Gate Fault. The San Gregorio, Potato Patch, and San Andreas Faults are not characterized by clearly
broken, discontinuous, or terminating seismic reflectors and so are poorly defined. Faults are herein considered to be mainly active as normal faults
in this part of basin, with subsidence creating the San Gregorio Basin. Faults would thus not be throughgoing major transform faults. Instead, most
or all transform motion has probably transferred over to the Golden Gate Fault. Same seismic-horizon annotations as in figures 13 and 14.
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Figure 20.—Seismic line 121 about 5 km south of Bolinas Lagoon (figs. 2, 3, 9-12). Uplift begins to affect northern part of study area (fig. 1)
as offshore section is uplifted onto the onshore Point Reyes peninsula. The San Gregorio and San Andreas Faults are much more distinctive
than on lines farther to south (figs. 18, 19); fault traces are well defined by discontinuous or terminating seismic reflectors. Seismic horizons
M1 and M2 are not definitively tied to lines farther to south and are projected on the basis of seismic reflections. Same seismic-horizon
annotations as in figures 13 and 14.
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2 and 3 km, respectively, south of Bolinas Lagoon (figs. 2,

r

Seismic lines 120A (4) and 120B (B)
9-12), which are closest lines we were able to acquire near lagoon. The San Andreas Fault is well defined

as a dual strand on both lines, yet horizons could be easily carried across fault—for example, note seismic
20) and 117 (fig. 21), seismic horizons M1 and M2 are not tied to lines farther to south and are projected on

reflection associated with horizon M2, suggesting only a small offset on fault. As on seismic lines 121 (fig.
the basis of seismic reflections. Same seismic-horizon annotations as in figures 13 and 14.
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locally deformed and are eroded and truncated at horizon A. separated from overlying Late Miocene and younger forma-

o
o

Deformation is most apparent at the west end of the seismic tions by an unconformity. Following Cooper (1973) and
lines (for example, seismic line 110, figs. 16; seismic line McCulloch (1987, 1989), we correlate horizon A with the top
107, fig. 17), where dipping beds are clearly truncated at of the Monterey Formation. Units above the unconformity,
about 0.65- to 0.70-s two-way traveltime. Near the San Gre- then, are age equivalent to the onshore Santa Margarita Sand-
gorio structural zone, units are largely conformable across stone, the Santa Cruz Mudstone, the Purisima Formation, and
horizon A. The onshore Monterey Formation is similarly the Merced Formation.
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Figure 23.—Seismic line 132 southwest of the Golden Gate (figs. 2, 3, 9-12). Line shows maximum thickness of the San Gregorio Basin thatis visible
on seismic-reflection records, and serves as a partial tieline to several other lines that allow mapping of seismic horizons M1 and M2 in central
part of the San Gregorio Basin. Line is plotted from southwest (on left) to northeast (on right) so that tectonic features can be easily compared to
features on west-trending seismic lines. Same seismic-horizon annotations as in figures 13 and 14.
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Figure 24.—Seismic line 131 across the Golden Gate and San Andreas Faults (figs. 2, 3, 9-12), at closest approach to land on this cruise. Section
visible on seismic-reflection record is nearly identical to that visible onshore in seacliffs, with north-dipping beds near the San Andreas Fault,
relatively flat lying beds between the two faults, and a monocline over the Golden Gate Fault. Major difference is that onshore dips are at least 30°
steeper than those on this nearby offshore line (3 km away). We believe that this substantial uplift within a very short distance is caused by rotation
and uplift of section between the San Andreas and Golden Gate Faults (see figs. 27, 28). Line is plotted from south (on left) to north (on right) so
that tectonic features can be easily compared to features on west-trending seismic lines. Direction of line is reversed in figure 28 for comparison
with onshore stratigraphic section of Clifton and Hunter (1987, 1991). Same seismic-horizon annotations as in figures 13 and 14.
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Numerous local and regional unconformities, shown these seismic horizons with those in the San Gregorio Basin

here as horizons B through G (figs. 15, 16, 18, 23), are pres- because we are unable to unequivocally trace seismic reflec-
ent within the offshore section. We cannot correlate these tors across the San Gregorio Fault. Independent stratigraphic
unconformities to unconformities within onshore sections. On or age control is needed to make such a correlation.

the basis of correlations with McCulloch’s (1987, 1989) inter- Structure-contour maps constructed on horizons A and
pretations, the strata above horizon C are approximately Late C show the configuration of strata in the Bodega Basin (figs.
Pliocene and younger and probably correspond to the upper 9, 10). Both horizons can be mapped with a high degree of
part of the Purisima Formation and, at least in age, partly confidence throughout the basin because seismic reflectors are
to the Merced Formation. We also cannot correlate any of continuous and good tielines exist.
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Figure 25.—Seismic line 151 south of the Golden Gate (figs. 2, 3, 9-12). Line is a tieline that allows mapping of seismic horizons through south end
of seismic grid. Seismic section spreads out appearance of structures in the San Gregorio structural zone because it crosses structural zone at an
angle of about 45°% Faults in structural zone are clearly thrust faults, probably rooted in the San Gregorio Fault. Structure between the Golden Gate
and San Andreas Faults is similar to that visible on seismic line 131 (see figs. 24, 27). Line is plotted from south (on left) to north (on right) so that
tectonic features can be easily compared to features on west-trending seismic lines. Same seismic-horizon annotations as in figures 13 and 14.
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Seismic Stratigraphy Between the San
Gregorio and Golden Gate Faults—the San
Gregorio Basin

In the seismic-reflection data east of the San Gregorio
Fault, a sedimentary section at least 1,300 to 1,500 m thick
(figs. 13-25; approx 1.3—1.4-s two-way traveltime in the
seismic-reflection data) is imaged in the fault-controlled
San Gregorio Basin. The seismic-reflection data show
relatively continuous seismic reflections south of seismic
line 107 (fig. 2), and tielines between the east-west seismic
lines allow a high degree of confidence in correlations from
line to line. North of seismic line 107 (fig. 2), however, no
tielines are available, and our interpreted correlations are
based on matching the acoustic characteristics of the seismic
reflections from line to line—an inexact process. Thus, our
confidence in the position of the mapped horizon is low.
From seismic line 114 northward (fig. 2), seismic reflectors
become less continuous to discontinuous and chaotic, no
tielines exist, individual horizons are uncorrelatable between
lines, and structure contours are based solely on the general
form of the basin (formline contours). We changed contour
horizons here because no continuous reflections are present
below about 0.5-s two-way traveltime. Thus, the structure
contours north of seismic line 114 serve only as a guide to
basin form.

We mapped a seismic horizon, M1, at or near the base
of strata in the San Gregorio Basin; the resulting structure
contours (fig. 11) show the depth to that horizon below
sea level. In the contoured area, water depths range from
less than 10 m to about 30 m; the contoured horizon depth
is therefore close to being an isopach map of strata in the
San Gregorio Basin. In the shallow parts of the basin, the
acoustic basement is a strong reflector. In the deep parts of
the basin, below about 1,000- to 1,200-m depth, horizon M1
is not well defined, the contoured depth to the base of the
strata is a minimum thickness, and basin strata could be sub-
stantially thicker.

We also mapped a second seismic horizon, M2,
throughout the basin (fig. 12). This horizon, which is an
unconformity throughout at least the central part of the basin
(see seismic line 110, fig. 16), divides strata that thicken
seaward into the San Gregorio Fault from strata that thin
onto growing folds over the Potato Patch Fault and across
the San Andreas Fault extension. The horizon thus dates
the beginning of vertical deformation on both of these fault
strands.

We do not know the age of strata in the San Grego-
rio Basin. We cannot directly tie the onshore outcrops of
the Merced Formation to the offshore strata shown in the
seismic-reflection data, because the offshore strata have
not been sampled or dated, and we have no seismic tieline
between onshore and offshore. If the Merced Formation was
deposited in a stepover basin that formed between the San
Andreas and Golden Gate Faults, as suggested by Hengish
and Wakabayashi (1995), Zoback and others (1999), Jachens
and Zoback (1999), and Jachens and others (this volume),

then a fundamental tectonic discontinuity could be present
between the onshore and offshore sections, possibly caus-
ing markedly different subsidence rates on either side of the
discontinuity or leading to markedly different depositional
settings. Therefore, we cannot straightforwardly assume that
the strata of the Merced Formation and the San Gregorio
Basin are equivalent.

We can, however, consider two possible end-member
correlations. First, the slip rate on the San Gregorio Fault
is about a third of the slip rate on the San Andreas Fault. If
the Merced Formation and San Gregorio Basin strata were
both deposited in transtensional strike-slip stepover basins
(Jachens and Zoback, 1999; Zoback and others, 1999;
Jachens and others, this volume), then presumably deposi-
tion would be about 3 times as rapid in the Merced Basin
(opening at the San Andreas Fault slip rate) as in the San
Gregorio Basin (opening at the San Gregorio fault rate).
Thicknesses onshore would be about 3 times greater than
coeval thicknesses offshore. Thus, the approximately 2 km
of sediment in the San Gregorio Basin could have taken
much longer to accumulate than the sediment in the Merced
Basin, and could be substantially older.

For the second end member, our favored interpreta-
tion, we make a straightforward correlation of San Gregorio
Basin strata with the Merced Formation, assuming that basin
formation for both sets of strata started when motion on the
Pilarcitos Fault stopped, and that onshore and offshore strata
are equivalent. In figure 8, we show the simplified onshore
section on the left (from Clifton and Hunter, 1987, 1991)
and its conversion to two-way traveltime on the right. Then,
in the thickest parts of the San Gregorio Basin, we assume
that the onshore section provides an approximate correla-
tion with the offshore section. The potentially useful part
of this correlation is that horizon M2 in the seismic lines
nearest shore (seismic line 131, fig. 24; seismic line 151, fig.
25) lies at a depth of about 0.4- to 0.5-s two-way traveltime
and approximately corresponds to the angular unconformity
and nearby bedding change (change from thick regres-
sive-bedded sequences to thin sequences) observed in the
onshore section. Thus, the unconformity visible in the basin
could correspond to a time of changing depositional style
recorded in the onshore section as well.

Structure and Offshore Faults

On the basis of previous work (Cooper, 1973; McCul-
loch, 1987, 1989) and new seismic-reflection data, the San
Gregorio Fault separates the Bodega Basin to the west from
the San Gregorio Basin to the east (figs. 1, 3). The two basins
are affected by six active structural elements: the San Gre-
gorio structural zone, the San Gregorio Fault, the Potato
Patch Fault, the San Pedro Fault, the San Andreas Fault, and
the Golden Gate Fault (fig. 3). The Pilarcitos Fault does not
deform strata in the San Gregorio Basin above acoustic-base-
ment horizon M1 and has not been an active tectonic feature
during the formation of the San Gregorio Basin.
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Bodega Basin

The Bodega Basin lies between the edge of the Con-
tinental Shelf and the San Gregorio Fault (figs. 1, 3, 9, 10;
McCulloch, 1987, 1989). Rocks below horizon A have been
deformed and truncated at the horizon (see figs. 13-17);
structures in the pre-early Miocene rocks were mapped by
McCulloch (1987, 1989).

Rocks above horizon A are little deformed west of the
San Gregorio structural zone. Some doming occurs in these
rocks over structural highs in the older rocks (figs. 13-15).
Some relatively young deformation occurs off Point Montara
and Point San Pedro just seaward of the San Gregorio Fault
(figs. 13, 14), and minor faulting extends upward from older,
buried structures, particularly in strata that overlie the most
deeply buried parts of the San Gregorio structural zone (figs.
14-19).

Strata in the Bodega Basin above horizon A range in
thickness from about 900 m near Bolinas to about 1,100 m
at the south end of the study area (fig. 9). The strata thin to
less than 600 m westward in the seismic-reflection data and
continue to thin westward of our data set until they truncate
against the Farallon Ridge at the edge of the Continental
Shelf (see McCulloch, 1987, 1989). Within the post-horizon A
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Figure 26.—Relative age of deformation of strata above horizon Ainthe
San Gregorio structural zone versus distance from south end of study
area near Point Montara (fig. 1), showing increasing age of deformation
with offset. True age of strata above horizon A is unknown, but mapped
seismic horizons can be used to give a “pseudoage” based on relative
age of horizon. In this case, each horizon is assigned a number 0 (sea
floor) to 8 (horizon A) from youngest to oldest, and that number is plotted
against distance along the San Gregorio Fault from south end of study
area (figs. 2, 3). Uplift at a horizon starts when thinning begins between
that horizon and overlying horizon. Plot simply shows increasing age
of deformation with offset.

sequence, strata between horizons A and B thicken northward
from 200 to 250 m on the south to 400 to 450 m on the north.
In contrast, strata between horizon B and the sea floor thin
northward from more than 800 m on the south to 350 m on
the north (figs. 13-25). Clearly, the depocenter for the basin
shifted southward beginning at about horizon B time.

Onshore, on the Point Reyes peninsula, the total thick-
ness of units above the Monterey Formation is estimated at
as much as 2,500 m (Galloway, 1977; Clark and others, 1984,
1991), with about 2,000 m of Santa Cruz Mudstone and 500
m of Purisima Formation. Nowhere offshore south of Boli-
nas do we see so great a thickness of units above horizon A.
Adjacent to and north of Point Reyes, Cooper (1973) and
McCulloch (1987, 1989) showed offshore sedimentary depos-
its more than 2 km thick above the Monterey Formation, in
general agreement with what is observed on the Point Reyes
peninsula. They also showed sediment thicknesses in the
Golden Gate area similar to what we see. Thus, units above
horizon A thicken substantially northward and westward
towards Point Reyes. Much of this thickening could occur
between horizons A and B, as a continuation of the north-
ward-increasing thickness observed in the seismic-reflection
data near Bolinas.

San Gregorio Fault and San Gregorio
Structural Zone

The San Gregorio Fault (fig. 3) is clearly a major tectonic
boundary across the Gulf of the Farallones, as indicated by
major differences across the fault in inferred basement-rock
types, based on seismic-reflection and aeromagnetic data.
Throughout its length across the Gulf of the Farallones, the
San Gregorio Fault separates Early Eocene and younger strata
in the Bodega Basin on the west from mildly deformed Late
Pliocene(?) and Pleistocene rocks in the San Gregorio Basin
on the east. The San Gregorio structural zone, which consists
of the thrust-faulted strata on the west side of the San Grego-
rio Fault, is about 2 km wide near Point Montara and widens
northward to at least 8 km near Bolinas.

In the Gulf of the Farallones region, the San Gregorio
Fault can be divided into three segments with slightly differ-
ent characteristics and direction. The first segment, from Point
Montara to just south of the Golden Gate, from lat 37°33' to
about 37°46" N. (figs. 1, 3; from seismic line 128 northward
to seismic line 107, figs. 2, 13—17), trends about N. 17° W.
and is a clearly defined, major break in the seismic-reflection
data throughout the sedimentary section. At the south end
of this first segment, the fault and associated structural zone
crop out at the sea floor. To the north, a cover of flat-lying
to gently dipping strata, as much as 300 m thick, overlaps
the structural zone and appears to continue across the San
Gregorio Fault with only minor vertical offset. Strike-slip
offset, if any, cannot be determined from the available data.
Throughout this segment of the fault, acromagnetic data (fig.
4) also show a sharply defined fault (Jachens and Zoback,
1999; see Jachens and others, this volume), and the locations
of the fault based on seismic-reflection and acromagnetic data
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virtually coincide. In the seismic-reflection data, the fault is
vertical in the uppermost 1.5 km of crust, and the aeromag-
netic data indicate that it continues to be near-vertical down
to magnetic basement.

The second segment, the next 6 km, of the San Grego-
rio Fault, from about lat 37°45" to 37°48' N. (figs. 1, 3; from
seismic line 101 northward to seismic line 123, figs. 2, 18,
19), also trends N. 17° W., but displacement across the fault
in shallow parts of the seismic-reflection data is less distinct
than to the south, and here from 300 to 500 m of strata over-
lap the San Gregorio structural zone with only minor faulting.
Along this second segment, the aeromagnetic data (fig. 4)
do not show a basement break corresponding to the mapped
trace in the seismic-reflection data but, instead, show a base-
ment fault that is stepped eastward about 2 km, beneath the
mapped position of the Potato Patch Fault. The aecromagnetic
data also track the Potato Patch Fault for about 3 to 4 km both
northward and southward of this segment of the San Gregorio
Fault. Within this area, the adjacent San Gregorio structural
zone begins to markedly widen, from 3 to more than 5 km.

The third segment of the San Gregorio Fault, from
about lat 37°48' N. to Bolinas (fig. 1), trends about N. 22°
W. (fig. 3; from seismic line 123 northward to seismic
line 119, figs. 2, 19-21), slightly more westerly than the
segment to the south. The fault is well defined by seismic
reflections that are truncated at the fault at all levels. The
aeromagnetic data, again, do not track a basement fault
lying vertically below this third segment of the San Gre-
gorio Fault but, instead, partly track the Potato Patch Fault
and partly lie between the mapped traces of the two faults.
The main fault trace as mapped in the seismic-reflection
data could dip east to join the magnetically mapped base-
ment fault or the Potato Patch Fault; alternatively, the fault
at depth could extend westward into nonmagnetic rocks
below the San Gregorio structural zone. The structural zone
continues to widen, to more than 8 km, and becomes more
deeply buried, to more than 500 m.

Numerous thrust faults are present along each of the
seismic lines crossing the San Gregorio structural zone. We
have attempted to correlate these faults from line to line, but
the structure changes rapidly in short intervals within the
structural zone, and even with a 2-km line spacing, we are not
confident that faults are correctly correlated between seismic
lines. In figure 3, the faults are interpreted as long strands that
trend subparallel to the San Gregorio Fault.

Within the San Gregorio structural zone, structures are
tightly folded in the southern, narrow part of the zone but
become much broader and less tightly folded northward. The
thrust faults and amount of offset on these faults are well
illustrated on seismic line 151 (fig. 25), which crosses the
structural zone at an oblique angle at the south end of the
study area (fig. 3), where the structural zone is about 2 km
wide. On this line, seismic reflectors are correlated across
the fault on the basis of acoustic characteristics. If the cor-
relations are correct, we estimate that almost 700 m of uplift
has occurred at the initial thrust fault (at JD/GMT 160/0340,
fig. 25). Seismic lines 130/150 (fig. 14) and 103 (fig. 15) are

near seismic line 151 and cross perpendicular to the structural
zone, showing the tight folding that characterizes the south
end of the structural zone.

The broadened San Gregorio structural zone to the north
is illustrated on seismic lines 124 (fig. 18) and 123 (fig. 19),
where a syncline is bracketed by thrust faults. On these lines,
the deformation zone is almost 7 km wide. We cannot deter-
mine the amount of uplift across the faults because we cannot
correlate seismic reflectors across the faults with any assurance,
but the deformed section has clearly been uplifted and eroded,
and subsequently has subsided and been covered by largely
undeformed strata during its post-Miocene geologic history.

Near Bolinas, the entire sedimentary section in the
Bodega Basin has been uplifted onto the Point Reyes pen-
insula, and this uplift is superposed on the buried structural
zone, which now gets exhumed. In the seismic-reflection
data, this uplift is first visible north of seismic line 123 (figs.
3, 19) as a doming west of the San Gregorio Fault over the
San Gregorio structure zone. By seismic line 121 (figs. 3,
20), substantial uplift has occurred, forming a broad anticline.
The intensity of folding increases northward on seismic lines
117 (fig. 21) and 120A and 120B (fig. 22). Mapped seismic
horizons indicate that this uplift begins at least after horizon
E time and, possibly, after horizon F time, as shown by the
absence of thinning between horizons C, E, and F on seismic
line 121 (fig. 20). Thus, the uplift is very young and is an
active, ongoing process.

The structures in the San Gregorio structural zone show
a northward progression in both age and depth of burial; the
northern structures are significantly older than those at the
south end of the structural zone, and are gradually buried
beneath thicker strata than those to the south. This pro-
gression is shown by numerous unconformities within the
structural zone where seismic reflections show pronounced
thickening and thinning between unconformities. In the lower
part of the section above horizon A, strata thicken into the
fault zone. Thinning onto the structures indicates when struc-
tural growth began, and deposition of relatively undeformed
strata over the structures indicates when uplift ceased. At the
south end of the data set, structures deform strata at the sea
floor (for example, seismic lines 128, 130/150, and 151; figs.
13, 14, 25). Northward, however, structures are buried under
increasingly thick undeformed strata (see seismic lines 103,
110, 132, 107, 124, 123, from south to north, figs. 2, 3, 15-19,
23). In any one locality, however, initial basin subsidence
and deposition are followed by thrust-fault uplift, and these
uplifted strata, in turn, begin to subside once again.

The sequential formation of structures, from young on
the south to old and deeply buried on the north, can be partly
quantified by plotting a pseudoage of the time when uplift
began versus distance northward along the San Gregorio
Fault zone (fig. 26). Horizons A through H and the sea floor
are numbered from 8 to 0 to serve as a proxy for age (thus,
pseudoage), with “8” assigned to horizon A and “0” assigned
to the sea floor. Initiation of uplift is then assigned the pseu-
doage when the seismic horizons switch from thickening into
the fault zone to thinning over the growing structures. The
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plot of this pseudoage against distance northward along the
fault (fig. 26; distance 0 km is on the San Gregorio Fault on

seismic line 128 at the south end of the data set) shows a clear

trend of earliest structural growth to the north (strata thin
between horizons C and D, indicating that structural growth

began after horizon C time) and latest structural growth at the

south (structures still actively deforming the sea floor).
The structural zone appears to be an inherited feature

that developed south of Half Moon Bay, and subsequently

rides passively northward. We believe that these structures

0 °o 1 T T T T 11
005 gi———— 1 £
I 1D .
400 = :% b
600 | L1 \//. L .
800 - 2 : T3 ]
&M o
1,000 g : : S _
1200 £ 1 4 g -
1400 | & 1 e -
’ 1 | | | | | |
0 T 1 T T T T 11
Q1 [
2007 o = w2 s
400 F = | T —~—— 3 X -
600 £ :W ? _
o) I—/\/\/_M1W—/_/‘: L(I,.)
8o ! 8 -
| D : -'6 —
o 1,000 o | I 5
TR I 2 .
i g168 L3
s 1400 [ 1 1 1 1 1 ]
; 0 o 11 T T T T T
—_— L
T 200F &1 M2 -
o N : Iy | 8
w400 - = | - 1
a = =
600 F w1 —u ———M 1L n
ol 1 »
8o | 5! o8 -
D | : et
1,000 - &4 - =
1200 0 < 1o i < -
L 1 5 i
1,400 @ 1) | | | | :IU)
0 @ : T T T T T [ °
200+ §4—or " 00— — S -
N | N
400 - £ | M1\/—/_/_E 5 7
g— I
600 & | 1o -
el "
800 F & 1 _
S ! L5
1,000 - @ | - -
O 1 1 <
12T S D b s ]
1400 9 | I I I I I 1 @ ]
0 1 2 3 4 5 6 7

DISTANCE. IN KILOMETERS

Figure 27.—Seismic horizons from seismic line 110 (fig. 16) between the San Gregorio and San
Andreas Faults. A, Depth to seismic horizons, based on time-depth-conversion curve in figure 5.
Vertical exaggeration, about 1.6 to 1. B, Reconstructed horizons after flattening on second layer. C,
Reconstructed horizons after flattening on fourth layer. D, Reconstruction after flattening on horizon
M2. Reconstructed horizons show that structural growth visible on seismic-reflection record did not

begin until after horizon M2 time.
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have formed in a transpressional strike-slip setting on the San
Gregorio Fault south of Half Moon Bay. North of Half Moon

Bay, the structures enter a transtensional tectonic environment
and begin to subside.

Continuation of the San Gregorio Fault Onshore
as the Seal Cove Fault

The relation of the San Gregorio Fault at the south end of
the study area to the onshore Seal Cove Fault (figs. 1, 3, 4) is
not defined by the seismic-reflection data. The offshore fault
closely approaches the trace of the Seal Cove Fault but could
either attach to the Seal Cove Fault or continue as a separate
fault just offshore. A pronounced magnetic anomaly, however,
continues from the mapped trace of the offshore San Grego-
rio Fault through the Seal Cove Fault (R.C. Jachens, written
commun., 2001). Thus, almost certainly, the main trace of the
San Gregorio Fault as mapped here also continues to join the
onshore Seal Cove Fault, and faults of the San Gregorio struc-
tural zone cut offshore rocks west of the Seal Cove Fault.

Other unnamed minor faults lie just east of the main trace
of the San Gregorio Fault (fig. 3). These faults have multiple
strands (at least two mapped) just offshore but merge into a
single strand northward. The fault mainly affects basement
units but also causes small offsets and minor structures within
overlying strata in the San Gregorio Basin (for example, seis-
mic line 128, fig. 13; seismic lines 130/150, fig. 14). We inter-
pret that this fault continues about 10 km to the north of Seal
Cove, mainly as a concealed fault. This offshore fault trends
onshore to either join or lie just east of the Seal Cove Fault. In
the seismic-reflection data, we interpret the fault to be a small
eastward splay off the San Gregorio Fault.

San Gregorio Basin

The boundaries of the San Gregorio Basin are controlled
by the San Gregorio Fault on the west and by the San Andreas
and Golden Gate Faults on the east (figs 3, 11, 12). Between
these two faults, a triangular basin contains strata more than
1.5 km thick. The basin begins near Point San Pedro, widens
to about 8 km near where the Golden Gate Fault trends
onshore west of Lake Merced, narrows northward to about 6
km throughout much of the central part of the basin off the
Golden Gate, and further narrows to about 3 km near Bolinas
(figs. 3, 11, 12).

Strata in the San Gregorio Basin are cut or folded by
four major faults, including, from west to east, the Potato
Patch Fault (after McCulloch, 1987, 1989), the here infor-
mally named San Pedro Fault, the offshore San Andreas Fault
(which is the offshore extension of the onshore Peninsular
segment of the San Andreas Fault), and the Golden Gate Fault
(fig. 3). The Pilarcitos Fault, a major onshore tectonic bound-
ary, does not significantly disrupt sedimentary rocks above
the seismic acoustic basement offshore.

The form of the San Gregorio Basin is shown by struc-
ture contours on horizons M1 and M2 (figs. 11, 12). From

south to north, the depositional axis of the San Gregorio
Basin lies along the San Pedro Fault, then shifts to the San
Andreas Fault off the Golden Gate and continues mostly
along the San Andreas Fault to Bolinas Lagoon. The thickest
part of the San Gregorio Basin, between the San Andreas and
Golden Gate Faults, trends onshore into the Merced Forma-
tion. Unlike onshore, however, where little or no Merced
Formation is present west of the San Andreas Fault, strata
in the San Gregorio Basin maintain a more or less constant
thickness across the San Andreas Fault and extend to the San
Gregorio Fault. Offshore, basin strata dip west; in contrast,
onshore strata dip northeast, indicating that the onshore
Merced Formation must lie on the east limb of an anticline
which lies beneath or immediately offshore from the present
shoreline.

At the south end of the basin, a shallow basement hori-
zon extends northward from Point San Pedro (fig. 11). In
this shallow basement region, little or no deformation is
observed in basin strata above horizon M1 over the magneti-
cally located Pilarcitos Fault. Minor deformation, however, is
present over the San Pedro Fault over this shallow basement
region (figs. 14, 15).

For about 10 km northward of Point San Pedro, the
sedimentary section gradually thickens from less than 100
to about 500 m (dip, approx 2°-3°). Then, the dip of the
basement surface steepens northward, and basin sediment
thicknesses increase rapidly to more than 1,400 m over a
northward distance of about 5 km (average dip, approx 10°).
This thick section continues in the basin axis northward for
at least another 15, possibly 20, km to near Bolinas (fig. 11).
The maximum offshore sediment thickness could approach
2,000 m, as suggested by interpretations of seismic-refraction
data (Hole and others, 1993; Holbrook and others, 1996; Tom
Parsons, oral commun., 2001); we have insufficient acous-
tic-energy penetration to see this thickness on the seismic-
reflection data. On east-west seismic-line crossings, strata
in the San Gregorio Basin extend at least 2 km eastward of
the Golden Gate Fault, where they range from 0 to 300 m in
thickness in the Golden Gate area. To the north, basin rocks
are uplifted onto the Point Reyes peninsula and may correlate
with the 150-m-thick Merced Formation mapped onshore.

Structural relief in the San Gregorio Basin has resulted
from differential subsidence of basement rocks. A major
structural high underlies the central part of the basin west
of Lake Merced between the San Gregorio and Potato Patch
Faults (seismic line 110, fig. 16) and between the San Gre-
gorio and San Andreas Faults (seismic line 132, fig. 23). The
structure bends steeply upward from the San Pedro Fault west
of Lake Merced (fig. 11). This structure could have resulted
from compressional deformation, an interpretation that seems
unlikely in a basin where the general tectonic regime is one of
rapid subsidence. The structural high corresponds to a nega-
tive magnetic anomaly associated with basement rocks of the
Salinia terrane, and the adjacent structural low correlates with
a high, positive magnetic anomaly, characteristic of basement
rocks of the Franciscan terrane. The deformation history of
basin strata (as discussed below) indicates that the structural
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high resulted from differential subsidence within the devel-
oping basin—that is, the Salinia block beneath the high has
stayed relatively high, and the adjacent Franciscan block has
subsided.

The structural high dies out northward, and west and
north of the Golden Gate, a somewhat simpler basin archi-
tecture prevails (figs. 11, 12), as strata dip into the basin and
truncate against the San Gregorio Fault (seismic line 107,
fig. 17). Farther north, strata rise slightly from a basin axis
just east of the Potato Patch Fault into the San Gregorio Fault
(seismic lines 123, 124, figs. 18, 19). In the 10-km stretch
south of Bolinas, dips between the San Gregorio and San
Andreas Faults steepen northward, reaching a maximum dip
of about 12°-14° E. on seismic lines nearest Bolinas.

The seismic stratigraphy indicates that the San Grego-
rio Basin initially formed as a half-graben, with subsidence
occurring along the San Gregorio Fault during deposition of
the lower two-thirds of the basin fill. Formation of the faults
and the structural high within the basin was relatively late
in the basin history. Horizon M2 divides strata that thicken
westward into the basin from strata that thin westward over
a developing structure, a relation best seen on seismic line
110 (fig. 16). In figure 27, we converted seismic horizons on
seismic line 110 to depth, then sequentially flattened each
depth-converted horizon. The reconstructed section before
horizon M2 time (fig. 27D) shows that the strata below hori-
zon M2 are relatively flat lying and thicken from east to west
into the San Gregorio Basin. Only after horizon M2 time does
significant vertical deformation begin along any of the major
basin-cutting faults—the Potato Patch, San Pedro, or San
Andreas Fault. During deposition of about the upper third of
the strata in the San Gregorio Basin, part of the basin base-
ment continued to subside, while another part of the base-
ment stayed high, producing the structural high at the south
end of the basin (seismic line 110, fig. 16). Thus, horizon M2
marks the time of initiation of basin deformation. Only during
deposition of the upper third of the basin strata did the faults
become a significant factor in basin development. The sur-
prising conclusion is that about two-thirds of the sedimentary
section in the San Gregorio Basin was deposited before the
Potato Patch, San Pedro, or San Andreas Fault actively began
to deform the strata.

Holocene Graben

A small active graben is present in the north third of the
San Gregorio Basin, beginning at about seismic line 124 and
continuing to Bolinas Lagoon (fig. 3). The maximum sedi-
ment thickness in the graben is about 100 m on seismic line
123 (fig. 19). On seismic line 124 (fig. 18), the graben is a
broad low, without well-defined east or west boundaries; but
on seismic lines 123 and 121 (figs. 19, 20), the faults form-
ing the west boundary are well defined. On seismic lines 124
through 115 (fig. 3), the bounding fault on the west is the
Potato Patch Fault. From there northward to Bolinas Lagoon
on seismic lines 114 through 121 (fig. 3), the Potato Patch

merges with the San Andreas Fault, which is the bounding
fault. The Golden Gate Fault forms the east boundary.

Cooper (1973) and McCulloch (1987, 1989) assumed
that this graben formed during the Holocene, because sea-
level rise would presumably have eroded an older feature.
Cooper also noted, and we concur, that the material filling the
graben is acoustically transparent and probably consists of
fine sand or mud. The unit probably represents shallow-water
Holocene shelf deposits.

The presence of the graben indicates that the faults cut-
ting the San Gregorio basin are still active—although the
graben only shows vertical motion and does not give infor-
mation on possible horizontal offset. Although the Holocene
graben shows unequivocal ongoing subsidence between the
San Gregorio-Potato Patch-San Andreas-Golden Gate Faults,
uplift of young strata is occurring onto Point Reyes immedi-
ately to the west across the San Gregorio Fault and adjacent
to the subsiding graben (for example, seismic line 121, fig.
20; seismic line 117, fig. 21). Thus, similar to the area near
Daly City, both uplift and subsidence are occurring within a
very short distance.

Potato Patch Fault

The Potato Patch Fault is a curvilinear fault that runs
diagonally between the San Gregorio and San Andreas Faults
(fig. 3), branching off the San Gregorio Fault on the south and
joining the San Andreas Fault on the north. The Potato Patch
Fault starts just south of the seismic-line 103/151 intersection
(fig. 3, approximately at lat 37°37" N., long 122°35" W.), then
trends north (figs. 15-17, 25). The fault lies along the east
side of the magnetic high associated with the San Gregorio
Fault on the south end (fig. 4) and trends along a separate
conspicuous magnetic-anomaly boundary for the rest of its
length. On the basis of the aeromagnetic data (fig. 4), Jachens
and Zoback (1999) and Jachens and others (this volume)
interpret the fault as continuing almost to Bolinas (fig. 2). On
the seismic-reflection records, the shallow fault either dies out
near lat 37°50" N., south of seismic lines 121 (fig. 20) and 117
(fig. 21), or merges with the San Andreas Fault.

The southern segment of the Potato Patch Fault deforms
strata in the San Gregorio Basin adjacent to a structural high,
where the anticlinal high lies west of the fault, and double
fault strands form a small graben along and east of the
fault (seismic line 110, fig. 16). The amount of deformation
decreases northward to only minor apparent offset by seismic
line 107 (fig. 17). The north end of the Potato Patch Fault
forms the west boundary of the Holocene graben on seismic
lines from 124 northward to 114 (figs. 3, 18, 19); from seis-
mic line 114 northward, the Potato Patch fault has died out or
merged with the San Andreas Fault.

The Potato Patch Fault is currently active, as shown by
deformation of the shallowest strata on the southern reaches
of the fault and by the active graben margin formed by the
fault in the northern reaches. As shown earlier, however, the
fault was active in only a minor way during deposition of the
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lower two-thirds of the basin strata (fig. 27). In the seismic-
reflection data, defined motion is dip slip, with the east side
dropping down relative to the west side. Along the southern
seismic lines crossing the fault, the Potato Patch Fault can be
interpreted as a normal fault arising from the San Gregorio
Fault. The data are not definitive, however, because the fault
is mostly imaged as vertical in the upper 1- to 1.5-s two-way
traveltime of data, and so alternative interpretations include
that the fault could arise as a normal fault splay of the San
Andreas Fault, or as a vertical fault caused by differential set-
tling of basement blocks within the San Gregorio Basin. In
any of these cases, the fault markedly affects the basement
rocks. Seismic-reflection data with deeper penetration are
needed to fully resolve the roots of the fault.

We cannot unequivocally determine whether a compo-
nent of strike-slip motion exists on the Potato Patch Fault,
although we would strongly expect such motion on a fault
that ties two major strike-slip faults. We observe two pos-
sible indications of transfer motion along the Potato Patch
Fault. First the south end of the Potato Patch Fault is located
adjacent to the area where undeformed or mildly deformed
sediment begins to cover the San Gregorio Fault, possibly
because transform motion moves from the San Gregorio Fault
to the Potato Patch Fault. Second, the structural low west of
the Potato Patch Fault could be offset about 4 km north from
the deepest part of the San Gregorio basin. We suggest, but
cannot prove, that motion on the San Gregorio Fault transfers
to the Potato Patch Fault, which then transfers the motion to
the San Andreas Fault in the vicinity of Bolinas.

San Andreas Fault

The offshore extension of the San Andreas Fault begins
where its Peninsular segment trends offshore at Mussel Rock
(fig. 3). For about 12 km, from lat 37°40" to 37°45" N. off
San Francisco, the fault trends about N. 34° W., then changes
trend slightly to N. 30° W. for the 20-km stretch from lat
37°45" to 37°55" N. at Bolinas (fig. 2). Overall, it trends about
N. 32° W., slightly more northerly than the average trend of
N. 36° W. along the onshore Peninsular segment. For 5 km
offshore of Mussel Rock, the fault trends along the northeast

edge of a magnetic high (fig. 4). Jachens and Zoback (1999)
and Jachens and others (this volume) interpret that the fault
is active only in this first 5-km offshore stretch. From there
northward, the aeromagnetic data do not require faulting of
basement rocks anywhere along the San Andreas Fault except
along a short (approx 4 km long) segment near seismic line
121 (fig. 4), but, instead, show block-bounding basement
faulting along the Golden Gate Fault (fig. 4). Jachens and
Zoback (1999) and Jachens and others (this volume) use
these data, along with earthquake-epicenter information, to
interpret a 3-km stepover in transform motion from the San
Andreas to the Golden Gate Fault.

Seismic-reflection data across the San Andreas Fault off
Lake Merced show a complex fault system. Nearshore, the
fault has multiple splays (at least three; see figs. 11, 12; seis-
mic line 151, fig. 25), and strata between the splays appear
to dip steeply and be highly contorted. Strata east of the fault
dip about 14° N. in the shallow section (see seismic lines 131,
151, figs. 24, 25, 28, 29), but on seismic line 151 (fig. 25),
strata slightly deeper in the section dip south, forming a trian-
gular bedding configuration (at GMT 160/0400, figs. 25, 29).
This configuration could have resulted from a combination of
early deposition and infilling into a narrow depositional low
(channel or fault valley?), followed by uplift and tilting of the
section between the Golden Gate and San Andreas Faults (as
discussed below). Immediately west of the San Andreas Fault,
strata are relatively undeformed.

The San Andreas Fault continues northward as a signifi-
cant fault that deforms strata in the San Gregorio Basin. Base-
ment subsidence along the fault is indicated by the coincident
basin depocenter (fig 11), and near Bolinas, the San Andreas
Fault is, with the Potato Patch Fault, a significant element
in the formation of the Holocene graben. As with the Potato
Patch Fault, however, the San Andreas Fault has disrupted
beds crossing the fault only during or after deposition of
the upper third of strata in the San Gregorio Basin (fig. 27).
Structure contours and seismic reflectors can be carried across
the fault with little or no displacement. On the basis of struc-
tural contours, the basin axis is little affected by the fault,
although the deepest part of the basin may be slightly offset
northward. Thus, only minor horizontal offset appears to have
occurred within the San Gregorio basin along the presumed

< Figure 28.—Cross sections across the Golden Gate and San Andreas Fault zones. A, Cross section along part of seismic line 131 (figs. 2, 3, 24),

plotted north to south, in opposite direction from seismic line in figure 24, to better correlate with onshore stratigraphic section. Seismic-reflec-
tions are converted to approximate depth based in time-depth-conversion curve in figure 5. Vertical exaggeration, about 3.5 to 1. This line, which
is closest to the Merced Formation exposed in seacliff, shows same structural features seen onshore, including monocline over the Golden Gate
Fault and steepening dips near the San Andreas Fault. Major difference is that onshore dips of 25° to greater than 50° are significantly steeper
than offshore dips, which are a maximum of about 10°-20°. B, Same cross section as in figure 284, reduced to true scale and simplified (some
horizons removed). C, Cross section between the Golden Gate and San Andreas Faults, tilted up 20° along a hingeline atthe Golden Gate Fault. Dips
in resulting cross section range from 40° near the Golden Gate Fault to 25°-30° near the San Andreas Fault. This section more closely matches
dips in the onshore Merced Formation, although onshore dips are still steeper (see fig. 6). D, Same cross section as in figure 285, plotted south to
north to match seismic line shown in figure 24, and to match direction of seismic line 151 in figures 25 and 29. E, Segment in figure 280 between
the Golden Gate and San Andreas Faults flattened by rotating about 3° downward along the San Andreas Fault, with a hingeline atthe Golden Gate
Fault. Reconstruction shows that about 250 m of uplift has occurred along the San Andreas Fault since deposition of horizon M1.
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San Andreas strike-slip fault. We interpret this observation to
mean that, in the basin, the San Andreas Fault may have been
active as a strike-slip fault for only a short time. Any signifi-
cant strike-slip motion along the onshore Peninsular segment
of the San Andreas Fault appears to have been transferred
elsewhere, presumably onto the Golden Gate Fault, during
early San Gregorio Basin deposition.

Golden Gate Fault

The Golden Gate Fault extends offshore from Lake
Merced and trends about N. 33° W. to Bolinas Lagoon (fig.
3). On the seismic lines that cross the fault just south of the
Golden Gate (see seismic line 107, fig. 17), shallow basement
rocks on the east are downdropped into the basin on the west,
and overlying sedimentary rocks are deformed into a faulted
monocline, similar to that seen onshore across the extension

of the fault toward Lake Merced (fig. 7; Clifton and Hunter,
1987, 1991). North of seismic line 124, off the Marin Head-
lands, the fault is less clearly defined, relatively flat lying strata
in the San Gregorio Basin are slightly offset by the fault, and
the basement dips seaward (seismic lines 124, 123, figs. 18,
19). In these areas, little evidence exists for dip-slip motion,
and so we infer that motion is mainly strike slip. The fault is
characterized throughout its length by a coincident linear mag-
netic anomaly arising from the basement rocks (fig. 4; Jachens
and Zoback, 1999; see Jachens and others, this volume).

Onshore to Offshore Transition—the Golden
Gate and San Andreas Faults

The dominant tectonic mechanism forming the San Gre-
gorio Basin is subsidence. Yet, within a very small distance
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Figure 29.—Cross section along part of seismic line 151 across the Golden Gate and San Andreas Fault zones (see figs. 2, 3, 25). A, Cross section
with two-way traveltime converted to depth by time-depth-conversion curve in figure 5. Approximately true scale. B, Same cross section with
upper-sequence beds flattened by rotating with a hingeline at the Golden Gate Fault and rotating downward about 200 m along the San Andreas
Fault. C, Same cross section with flattened upper beds removed. Dipping beds at the San Andreas Fault have appearance of a channel or valley
with about 200 m of relief (shaded triangular area) that was subsequently filled in and covered by about 400 m of flat-lying strata. Resulting cross
section is now being uplifted along the San Andreas Fault as a popup structure.

108

Crustal Structure of the Coastal and Marine San Francisco Bay Region, California



along the San Andreas and Golden Gate Faults, marked com-
pressional deformation occurs locally. The Merced and Colma
Formations have undergone recent extensive uplift, but within
3 to 4 km offshore, strata in the adjacent San Gregorio Basin
are relatively undeformed and subsiding.

The seismic lines nearest shore show part of how this
rapid change occurs. Three seismic lines approach within
about 3 km of the onshore section (seismic lines 105/106
through a 90° bend, seismic line 131, and seismic line 151,
figs. 2, 3, 24, 25). These lines cross the faults offshore about
4 km north along the Golden Gate Fault and about 6 km north
along the San Andreas Fault (figs. 2, 3). Two of these seismic
lines (131, 151) are shown as depth sections at 1:1 scale in
figures 28 and 29.

Onshore, as mapped in the coastal cliffs, the Merced
Formation is deformed into a gentle monocline just south of
the Golden Gate Fault (figs. 6, 7; Clifton and Hunter, 1987,
1991). All dips are northeastward, in contrast to westward
dips offshore. Strata in the Merced Formation dip 8°-14°
east of the Golden Gate Fault (north end of exposed sec-
tion). Dips steepen to more than 50° in the monocline off

Lake Merced, and then the section flattens to relatively
gentle dips on the west side of the Golden Gate Fault
(south of the fault in the coastal cliffs), finally steepening to
40°-70° on the east side of the San Andreas Fault (north of
the fault in the coastal cliffs). No unequivocal Merced For-
mation rocks are exposed onshore south of the San Andreas
Fault (that is, on the west side of the fault), according to
Clifton and Hunter (1987, 1991). All dips are northeastward,
and the monocline indicates relative east-side-down defor-
mation across the Golden Gate Fault.

Offshore, the observed structure in the three clos-
est seismic lines (figs. 2, 3, 28, 29) is similar to that in the
onshore section. As onshore, a monocline is present just
south of the Golden Gate Fault, indicating relative east-
side-down deformation. Strata adjacent to the San Andreas
Fault are tilted upward. Along each of these lines, a small
anticlinal structure is present below a depth of about 0.2- to
0.3-s two-way traveltime on the west side of and adjacent
to the Golden Gate Fault. Along seismic line 151 (fig. 25),
gentle doming is present in the youngest section adjacent to
the San Andreas Fault. In contrast to onshore, however, the
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Figure 30.—Single-channel Geopulse profiles across nearshore part of the San Andreas Fault (see figs. 2, 3 for location). A, Part of Geopulse profile
131 (location shown on seismic line 131, fig. 24), showing strata dipping about 7% N. just north of the San Andreas Fault. These dipping beds outcrop
at sea floor, but neither faulting nor outcropping beds have an offset at sea floor. B, Part of profile 105, showing a young anticline just north of the
San Andreas Fault, breached at sea floor. Again, neither faulting nor deformed beds disrupt sea floor. Profile crosses the San Andreas Faultin same
place as seismic line 151 (fig. 25). On both profiles 131 and 105, even youngest beds are somewhat deformed, indicating ongoing compressional
deformation. Absence of offset at sea floor is probably due to erosion of friable beds by intense current and wave action.
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steepest dips are all less than about 15°, as opposed to dips
of 50°-75° onshore. Also, the dips are westward rather than
eastward, indicating that an anticline is present between

the shoreline and the seismic lines (fig. 11). The configura-
tion of strata along the San Andreas Fault also is decidedly
unusual, especially on seismic line 151 (figs. 25, 29), where
downdipping, flat, and updipping reflectors overlie each
other near the fault.

On Geopulse high-resolution seismic-reflection pro-
files through this area (fig. 30), faulting and compressional
deformation extend to but do not disrupt the sea floor. On a
single-channel Geopulse high-resolution profile along part
of seismic line 131 (fig. 30A), strata dip north away from the
eastern strand of the San Andreas Fault. Geopulse data along
part of seismic line 105 (fig. 30B) show at least two fault
strands, with an anticline present below the sea floor east of
the fault. Deformation is clearly young and ongoing because
even the youngest beds are tilted into the fault (for example,
between JD/GMT 151/2215 and 151/2220). The absence of
sea-floor offset is probably due to rapid erosion by currents
and waves of unconsolidated to highly friable strata, similar
to the strata immediately onshore in the Merced Formation.

By about 6 km north from shore along both the San
Andreas and Golden Gate Fault strands, the structure
changes markedly. Along seismic line 132 (fig. 23), dips are
uniformly westward into the San Gregorio Basin, and the
convoluted bedding observed on seismic line 151 (figs. 25,
29) along the San Andreas Fault has given way to strata that
dip into the fault at a relatively gentle angle. Clearly, the
tectonic regime is also now one of subsidence, rather than
the uplift that characterizes the onshore Merced Formation
and the strata shown on the nearshore lines.

A detailed look at the nearshore lines shows that the
most likely cause of the observed deformation is rapid
onshore and nearshore uplift along the San Andreas Fault,
with a hingeline at the Golden Gate Fault. This uplift is
most visible along seismic line 131 (figs. 24, 28). The San
Andreas Fault cuts strata of the San Gregorio Basin, which
are uplifted and truncated at the sea floor just north of the
San Andreas Fault and then dip about 7° N. for 2 km. The
strata flatten through the next 2 km, then dip 14° into the
monocline over the next 500 to 1,000 m. In figure 28, the
seismic-reflection data along seismic line 131 (fig. 28A) are
converted to depth, with no vertical exaggeration (fig. 28B),
so that a simple rotation can then give dips similar to those
measured onshore in the Merced Formation (fig. 28C). If
the section is rotated with a hingeline at the Golden Gate
Fault and with upward motion on the San Andreas Fault,
then dips can approach those seen onshore. For example,
in figure 28C, rotation by 20° leads to dips of about 35° in
the tilted section. This uplift is recent, because virtually all
units below 0.1-s two-way traveltime (less than 75-m depth)
in the seismic-reflection data thicken into the fault zones,
rather than thin, as would happen once uplift started.

The dipping beds near the San Andreas Fault can be
restored to a generally horizontal position by simply rotat-
ing the uppermost section downward along the San Andreas

Fault, again with a hingeline on the Golden Gate Fault (figs.
28D, 28E). The amount of rotation needed is then a measure
of uplift along the fault. On this seismic line, the total amount
of uplift along the San Andreas Fault is about 250 m, and is
clearly more for the deeper beds.

The geometry of the strata along seismic line 151 leads
to the same conclusion of rotation and may explain the
triangular configuration of strata on the north side of the
fault (fig. 29). Here, the upper 300 m of strata (0.4 s) shows
the deepest beds dipping about 7°~10° down, then merg-
ing upward with a generally flat lying reflector, overlain
in turn by reflectors dipping about 7°-~10° up. On this line,
subsidence or depositional fill of a channel can explain the
downdipping seismic reflectors. Downward rotation of the
section along the San Andreas Fault by about 200 m flattens
the uppermost reflectors (fig. 29B). If we then strip away
the upper reflectors, we find that the downdipping reflec-
tors form a channel or topographic low with about 200 m of
relief (fig. 29C). If this topographic low is filled, followed
by deposition and uplift, we obtain the reflection geometry
of the strata observed in the seismic-reflection data. Thus,
our interpretation is that along seismic line 151 (and seismic
lines 105/106, which have a similar configuration), a topo-
graphic low was filled and then covered by about 400 m of
strata, and the resulting package was uplifted and everted by
rotation along the San Andreas Fault.

Another difference in the structure between onshore and
offshore is that an anticline must be present nearshore. Rota-
tion of the sedimentary section between the San Andreas and
Golden Gate Faults can create the onshore structure seen in
the cliff face, but both the cliff face and the seismic lines are
close to being plungelines along an antiform that must be
present nearshore. We were unable to acquire seismic lines
near enough to shore to cross the axis of the presumed struc-
ture, and northward along the faults, the anticline may be
absent because the deformation dies out.

Tilting and uplift may explain the onshore structure,
but do not explain how the dominant subsidence of the San
Gregorio basin observed elsewhere can convert to uplift
in such a local domain. However, in the same area where
motion along the San Andreas Fault steps over to the Golden
Gate Fault, the tectonic pattern changes from subsidence
to uplift and tilting. The section between the two faults is
being squeezed upward by convergence between the two
faults caused by different trends in the faults or by differing
strengths of basement rocks on either side of the faults, as
discussed below.

Pilarcitos Fault

Jachens and Zoback (1999) interpreted aeromagnetic data
to indicate that the onshore Pilarcitos Fault continues on a
trend of about N. 50° W. into the offshore basement and may
merge with the San Gregorio Fault (fig. 4). No deformation
is observed in 300- to 400-m-thick strata in the San Gregorio
Basin that overlie the magnetically determined trace of the
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Figure 31.—Model for formation of the San Gregorio Basin as a transtensional strike-slip stepover basin, with all offset
onthe San Gregorio and San Andreas Faults transferring to the Golden Gate Fault. A, Initial position of the Pacific Plate,
Pilarcitos block, and North American Plate at 1.2 Ma. Positions shown assume maximum offset of 22 km on the San
Andreas Fault and an average slip rate of 18 mm/yr, giving an age of 1.2 Ma when this offset started, and assume an
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Pilarcitos Fault. These strata are in the upper part of the basin,
indicating no substantial deformation along the Pilarcitos
Fault trend during at least the late stage of basin deposition.
We cannot prove that the fault has been inactive throughout
the entire time the San Gregorio basin has formed, although
we believe that this interpretation is likely on the basis of

the absence of deformation anywhere along the magnetically
defined offshore extension of the fault.

San Pedro Fault

A minor fault that cuts strata in the San Gregorio Basin
begins near Point San Pedro and trends N. 15° W. (fig. 3). In
the seismic-reflection data, the fault has caused a slight verti-
cal offset in strata just north of Point San Pedro (seismic lines
130/150, fig. 14), and deformation over the fault has created
a small anticlinal structure a little farther north (seismic line
103, fig. 15). The fault extends into a major fold and fault
at the base of the structural high in the western part of the
San Gregorio Basin off Lake Merced (seismic line 110, fig.
16). Thus, at least locally, the fault controls basement-rock
deformation, uplifting the horst-block anticline on the west
and downdropping basement on the east beneath the basin
depocenter. We herein informally name this fault the “San
Pedro Fault.” We cannot uniquely correlate this fault with an
onshore fault. The San Pedro Fault cuts across the magneti-
cally defined basement trends and is far from the magneti-
cally mapped or inferred trace of the offshore Pilarcitos Fault
(Jachens and Zoback, 1999; see Jachens and others, this
volume), and so we do not believe that the San Pedro Fault is
the offshore continuation of the Pilarcitos Fault.

Discussion

Previous studies (Hengesh and Wakabayashi, 1995;
Wakabayashi and Hengesh, 1995, Jachens and Zoback,
1999; Zoback and others, 1999; see Jachens and others, this
volume) concluded that strike-slip motion transfers from the
San Andreas Fault to the Golden Gate Fault just offshore of
Lake Merced and that this stepover led to the deposition of
the Merced Formation along the San Francisco peninsula.
These studies relied heavily on the observed eastward step
of the San Andreas Fault rupture in the 1906 San Francisco
earthquake from the Peninsular segment of the fault to the
trace at Bolinas Lagoon, on magnetic anomalies that out-
line faults in basement units, and on the distribution of the
onshore Merced Formation. So far, the stepover has been
defined as occurring between the Peninsular segment of the
San Andreas Fault and the Golden Gate Fault. With the addi-
tional details shown here in the structure of the San Gregorio
Basin, we believe that a stepover also occurs as a result of the
rapid transfer of motion from the San Gregorio Fault to the
Golden Gate Fault.

The San Gregorio Basin formed by subsidence of base-
ment rocks in an area bounded by the Golden Gate and San
Gregorio Faults. Major basin subsidence began southwest of

Lake Merced, starting where the basement of the San Gre-
gorio Basin dips steeply north. South of this area, a gently
undulating basement subsides from sea level to about 500-m
depth. North of this line, the basement drops into the 1,400-
m-deep basin depocenter. The ending point of the basin is
approximately defined by an east-west line about 10 km south
of Bolinas Lagoon, where the basin depocenter ends and
basin strata rapidly begin to rise toward Bolinas (figs. 1, 2).
This north boundary is significantly less well known, because
the quality of the seismic information is not as good in this
part of the San Gregorio Basin as it is to the south. Between
these two boundaries, the deepest part of the subsiding basin
is about 15 to 18 km long and narrows northward from about
7.5 to about 5 km wide.

This part of the San Gregorio Basin began to develop
as a half-graben hinged at the Golden Gate Fault, with
maximum subsidence along the San Gregorio Fault. During
deposition of the lower two-thirds of the section (pre-horizon
M?2), the basin maintained this half-graben architecture. Only
minor vertical deformation is observed in the strata deposited
during this initial depositional period, on the basis of depth
reconstructions of the seismic-reflection data. Significant hor-
izontal offset, particularly on the San Andreas Fault, does not
seem likely but is not completely precluded, on the basis of
the general continuity of seismic reflections across the fault in
most of the San Gregorio Basin and on the absence of offset
of basin contours along the fault. During deposition of the
upper third of the section (post-horizon M2), differential sub-
sidence of basement rocks began along the Potato Patch and
offshore San Andreas Faults, which led to the formation of
horst-and-graben structure within the basin. These faults may
have initiated as strike-slip transfer faults that also began to
step motion from the San Gregorio Fault over to the Golden
Gate Fault.

The subsidence history of the San Gregorio Basin
includes subsidence along and over all the major faults that
bound or cut the basin. North of the area where the basin
basement begins to dip steeply north, the San Gregorio struc-
tural zone begins to get buried. Even the San Gregorio Fault
is covered by sediment that seems continuous across the fault.
Presumably, if the San Gregorio Fault were still an active
transform fault with from 4 to 10 mm/yr of slip, it would
remain a fundamental tectonic boundary with significant
offset extending to the sea floor, as is visible on the southern-
most seismic lines. Instead, the entire northern reach of the
fault seems to be covered by only moderately disrupted sedi-
ment, and is mainly affected by subsidence.

Our interpretation is that the San Gregorio Basin formed
as a result of a transtensional right stepover of motion from
the San Gregorio Fault onto the Golden Gate Fault. The step-
over may be accommodated by motion on the Potato Patch,
San Andreas, and San Pedro Faults acting as strike-slip trans-
fer faults. Motion on the San Gregorio Fault is rather slow; if
this motion were partitioned onto the other faults, we might
be unable to detect strike-slip motion from the basin structure
but would see them as major areas of vertical deformation
and subsidence. Other studies have concluded that a stepover
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occurs near Lake Merced (fig. 2), with motion transferring

from the San Andreas to the Golden Gate Fault (Hengesh

and Wakabayashi, 1995; Wakabayashi and Hengesh, 1995,

Jachens and Zoback, 1999; Zoback and others, 1999; see

Jachens and others, this volume), and so the concept is not

original here; we extend this concept only to include motion

on the San Gregorio Fault.

We can consider a relatively simple model (fig. 31) to
gain insight into how the San Gregorio Basin and Merced
Formation might have developed as a result of motions on
both the San Andreas and San Gregorio Faults. Although the
model does not explain the details of basin structure, it does
show how movement of terranes along the fault has created
the space needed for basin formation as pullapart basins. Vari-
ables for this model include fault-motion rates, the onshore
extent of the San Gregorio Basin, and offset on the San
Andreas Fault.

Initial deposition of the Merced Formation, opening of
the San Gregorio Basin, initiation of motion on the Peninsular
segment of the San Andreas Fault, and cessation of motion
on the Pilarcitos Fault all began since about 3 Ma and could
have begun approximately contemporaneously. The timing
of all these events is poorly constrained. Offset on the Penin-
sular segment is about 22 km, based on correlating magnetic
anomalies and source bodies across the fault (Jachens and
Zoback, 1999; see Jachens and others, this volume). Suggested
present-day offset rates range from 16 to 24 mm/yr (Hall and
others, 1999; Jachens and Zoback, 1999; Zoback and others,
1999; see Jachens and others, this volume), giving a date of
from 2 Ma to about 1 Ma for offset along the Peninsular seg-
ment. Long-term slip rates of about 7 to 12 mm/yr have been
suggested by geologic studies (for example, Taylor and others,
1980) and could make offset as old as about 3 Ma. The age of
the Merced Formation is poorly constrained from fossil dating
but is most likely not much older than late Pliocene(?), about
1.8 m.y., and possibly younger (Clifton and Hunter, 1987,
1991). Subsidence of the San Gregorio Basin and motion on
the Peninsular segment of the San Andreas Fault probably
started no earlier than after the abandonment of the Pilarci-
tos Fault, inferred to be about 3 Ma by Parsons and Zoback
(1997). Basin formation is presumably post-Pilarcitos motion
and so is not affected by the Pilarcitos Fault.

For our model, we make the following assumptions.

1. Total offset on the Peninsular segment of the San Andreas
Fault is 22 km (Jachens and Zoback, 1999; see Jachens
and others, this volume). We arbitrarily chose a slip rate
of 18 mm/yr for the San Andreas Fault, within the range
16-24 mm/yr discussed above, giving a period of 1.2 m.y.
for the simple model with 22 km of total offset. A lower
rate—that is, something close to the long-term slip rates of
7 to 12 mm/yr—would give a period of from 1.8 to 3 m.y.,
possibly in better agreement with the abandonment of the
Pilarcitos Fault and the oldest ages for the Merced Forma-
tion. Alternatively, we could use the 22-km offset and the
estimated age of 1.8 m.y. for the Merced Formation to give
a slip rate of about 12 mm/yr, similar to the long-term slip
rate of 7 to 12 mm/yr. In any case, the main result of using

different slip rates is to change the length of the stepover
basin of the Merced Formation that formed between the
Golden Gate and San Andreas Faults.

2. A reasonable slip rate for the San Gregorio Fault is 6
mm/yr (Clark, 1998, 1999), which determines the along-
strike length of the modeled San Gregorio Basin caused
by motion on the San Gregorio Fault. Again, as mentioned
above, changes in slip rate and duration can lead to a
longer or shorter basin. Slip rates could have been much
higher when the Pilarcitos Fault was active and joined with
the San Gregorio Basin, but here we are looking only at
post-Pilarcitos motion.

3. The starting point for the stepover basin is at the south end
of onshore outcrops of the Merced Formation. Variation in
this starting position affects the final position of the mod-
eled offshore depocenter of the San Gregorio Basin.

4. All motion on both the San Gregorio Fault and the Penin-
sular segment of the San Andreas Fault steps over to the
Golden Gate Fault. This stepover occurs at the south end of
the San Gregorio Basin, where the basement drops rapidly
off into the basin depocenter (approximately corresponding
to the area between the 400- and 1,000-m contour lines, fig.
11).

5. The San Gregorio Basin then forms as a transtensional
right-stepping strike-slip basin as the margin segment north
of the stepover is pulled northward with the Pacific Plate.
Basin opening is at San Andreas Fault slip rates between
the Golden Gate and San Andreas Faults, and at combined
San Andreas and San Gregorio Fault slip rates west of the
San Andreas Fault.

The model (fig. 31) shows two resulting basin segments
defined by the faults. The first basin segment is a long,
narrow basin of Merced Formation that forms between the
San Andreas and Golden Gate Faults; the width of this basin
is determined by the distance between the two faults, and
its length is simply the total offset along the fault. The size
and length of this narrow basin are nearly identical to what
is actually observed onshore in the Merced Formation. The
second basin segment is the San Gregorio Basin that forms
between the San Gregorio and Golden Gate Faults; again,
the width of this basin is determined by the distance between
the faults, and its length, 8 km, is determined by the total
assumed offset along the San Gregorio Fault during the
model period. This second basin segment closely matches the
deepest part of the San Gregorio Basin. The shallow parts of
the basin north and south of the modeled segment could be
the subsiding basin margins. This simple model shows that
motion on both the San Gregorio and San Andreas Faults
is essential to correctly explain the actual extent of the San
Gregorio and Merced Formations. The two basin segments
result from motion on the San Gregorio Fault and the Penin-
sular segment of the San Andreas Faults stepping over to the
Golden Gate Fault.

The simple model matches conditions necessary for
deposition of the Merced Formation. The Merced Formation
was adjacent to an open ocean during its deposition (Clif-
ton and Hunter, 1987, 1991). In the model, the basin would
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always be open to the sea, because the uplifted (or uplifting)
Point Reyes peninsula would always lie to the north of the
developing basin. Also, the long, narrow finger of onshore
Merced Formation would always be open to the ocean at

its north end, as the basin grew northward with continuing
motion along the San Andreas Fault. The Merced Forma-
tion could be deposited in a shingled basin (Sylvester, 1988),
formed as the depositional area migrated northward with

the pullapart line and left behind north-dipping strata. The
Merced Formation can be used to test the pullapart model

if sufficiently detailed age controls are obtainable, because
the rocks at the south end of the basin should be older than
those to the north. This relation is true where the stratigraphic
sequence is observable in the sea cliffs, but should continue to
be true at the south end of the Merced Formation.

Formation of the San Gregorio Basin has been accompa-
nied by subsidence of the basement blocks beneath the basin
and along the bounding faults, particularly the San Gregorio
Fault. Earthquake seismicity (Zoback and others, 1999) and
the structure of the San Gregorio Basin shown here clearly
indicate that subsidence has been the dominant structural
regime during basin formation. Motion on the San Gregorio
Fault before the emergence of the stepover led to formation
of the San Gregorio structural zone along the San Gregorio
Fault; this structural zone is an inherited feature. The stepover
onto the Golden Gate Fault would have isolated the block of
material between the San Gregorio and Golden Gate Faults
from transform motion on the faults to the south. This isolated
block would be coupled to the Pacific Plate along the San
Gregorio Fault and would move with the Pacific Plate with an
eastern margin on the Golden Gate Fault (fig. 31). Decoupling
of the block from transform motion would allow subsidence
to occur both within this block and along and over the San
Gregorio Fault and associated structural zone, thus leading to
burial of the San Gregorio structural zone. Basically, every-
thing north of the stepover line and west of the Golden Gate
Fault lies in a subsiding tectonic environment.

Maximum subsidence in the center of the San Grego-
rio Basin is associated with the 8-km pullapart necessary to
accommodate the shift of motion from the San Gregorio Fault
to the Golden Gate Fault. The basin itself, however, extends
well beyond the central area—offshore contours show sig-
nificant thicknesses of sediment extending about 15 km both
northward and southward of the main basin depocenter (figs.
11, 12). The total extension along the pullapart zone could
be more than the 8 km shown in the simple model because
slip rates were faster, because more time was available for
motion to occur on the San Gregorio Fault, or because the
basin began to form while the Pilarcitos Fault was still active.
Alternatively, gentle subsidence of basement rocks occurred
both north and south of the area of maximum subsidence in
the stepover basin. In the San Gregorio Basin, at least, forma-
tion of the pullapart basin was accompanied by subsidence
along the basin trend for distances both north and south of the
pullapart zone of about twice the pullapart distance.

How is motion transferred to the Golden Gate Fault, and
how does the pullapart basin begin and end? Obviously, the

motion involved in stretching of the Earth’s crust in a pulla-
part basin must be accommodated along active faults. Motion
could be accommodated on a series of east-west normal faults
that drop into the basin—but the few lines trending north-
south, though not particularly well located for seeing north-
south faults, do not show a series of such downdropping
normal faults. More likely, fault motion was and is currently
being taken up on the subsidiary faults that cross the basin
and that may be acting as strike-slip transfer faults. We need
more information on the age and offset on these faults to see
the details of how motion is transferred from one side of the
basin to the other.

A puzzle is the cause of the substantial uplift that has
elevated rocks of the Merced Formation to more than 200
m above sea level onshore, with uplift occurring since
deposition of the overlying Colma Formation. Offshore
seismic data, in combination with the onshore structure of
the Merced Formation in the seacliffs, indicate that the sec-
tion between the Golden Gate and San Andreas Faults is
being both uplifted and rotated upward on a hingeline on the
Golden Gate Fault. Jachens and others (this volume) suggest
that this uplift results from slight compression of the section
between the converging San Andreas and Golden Gate Faults.
Fault separation in the offshore area is about 3 km, whereas
onshore it decreases to 2 km. Thus, material deposited
between the faults is being sequentially squeezed from 3 to 2
km as the stepover between the San Andreas and Golden Gate
Faults rolls northward.

This compression may also be due to the basement
structure west of the San Andreas Fault. The uplift and com-
pression are occurring in exactly the area occupied by the
structurally high, coherent basement terrane that underlies the
shallow basement rocks at the south end of the San Gregorio
Basin. These coherent basement rocks are riding northward
with the Pilarcitos block, possibly squeezing the Merced For-
mation to the east. Also, the San Andreas Fault dips about 70°
E. in this same area (see Jachens and others, this volume), and
so the basement rocks would be slightly underthrusting the
Merced Formation east of the San Andreas Fault. The com-
bination of converging fault traces (as described by Jachens
and others, this volume) and converging and underthrusting
coherent basement terrane could lead to the observed uplift
and tilting of the Merced Formation.

Conclusions

The San Andreas and San Gregorio Fault systems, far
apart near Half Moon Bay, converge by Bolinas Lagoon.
Within this zone lies the 2-km-deep San Gregorio Basin. The
tectonic regime responsible for basin formation is a trans-
tensional strike-slip stepover, in which motion from both the
San Gregorio and San Andreas Faults steps eastward onto the
Golden Gate Fault in the vicinity of Lake Merced. North of
this stepover and west of the Golden Gate Fault, subsidence
occurs in a pullapart basin, as the stepover zone moves pas-
sively northward with the Pacific Plate. Even as far north as
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Bolinas Lagoon, subsidence occurs between the major faults,
creating a surface and near-surface graben from the Golden
Gate to Bolinas Lagoon. Southward, however, between the
San Andreas and Golden Gate Faults, local compressional
deformation is squeezing up the onshore Merced Formation
between the two faults, with maximum uplift along the San
Andreas Fault and a hingeline on the Golden Gate Fault. At
the north end of the fault system, adjacent to the active graben
on the San Gregorio Basin block, rocks west of the San Gre-
gorio Fault are being uplifted onto the Point Reyes peninsula,
leading to significant compressional deformation.

Within this tectonic regime, the Golden Gate, San
Andreas, and San Gregorio Faults all have recognizable fault
continuations across the Gulf of the Farallones; but north
of the stepover zone, both the San Andreas and San Gre-
gorio Faults are characterized by normal faulting as basin
blocks subside in the pullapart basin. The Potato Patch Fault
branches eastward off the San Gregorio Fault and continues
northward with significant, but unknown, offset. The San
Gregorio structural zone, a zone of major thrust-fault defor-
mation west of the San Gregorio Fault, also continues across
the Gulf of the Farallones and widens from about 2 to more
than 8 km from south to north; but this deformation is an
inherited feature, originating to the south and now moving
and subsiding with the Pacific Plate.

These active faults separate two major sedimentary
basins: the San Gregorio Basin, which lies between the
Golden Gate/San Andreas Faults and the San Gregorio Fault;
and the Bodega Basin, which lies west of the San Gregorio
Fault. Maximum sediment thickness in the San Gregorio
Basin is poorly defined but probably approaches 2 km overly-
ing basement rocks of the Franciscan and Salinia terranes.
The basin most likely formed after motion on the Pilarcitos
Fault ceased, or later than 3 Ma. The age of these strata
could be similar to that of the onshore Merced Formation,
also poorly dated but probably younger than about 1.8 m.y.
In the Bodega Basin, more than 800 m of Late Miocene and
younger (less than about 6 Ma) strata overlies older sedimen-
tary rocks (the Monterey Formation and older rocks).

North of about Pacifica (fig. 1), subsidence on the east
side of the San Gregorio Fault is creating the San Gregorio
Basin. The San Andreas Fault generally underlies the basin
depocenter. The Potato Patch Fault, lying between the San
Andreas and San Gregorio Faults, in part forms the edge of a
structural high in the basin. These three faults are all at least
partly normal faults along which basement rocks beneath the
faults have undergone differential subsidence during basin
formation. In the northern parts of the basin, strata appear to
cross the fault virtually undisrupted. The Potato Patch, San
Pedro, and San Andreas Faults could also be transfer faults,
as strike-slip motion steps over from the San Gregorio to the
Golden Gate Fault. Strike-slip motion could be small enough
that we cannot interpret it in the available seismic-reflection
data.

The stepover of motion on the San Gregorio Fault onto
the Golden Gate Fault leads to the creation of a pullapart
basin—the San Gregorio Basin. A simple model with this

assumption places the maximum area of subsidence of the
pullapart basin beneath the deepest part of the San Gregorio
Basin.
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